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This thesis comprises of six chapters in all, dealing with detection, 
separation, and quantification of cations and anions on newly developed sorbent 
phases, using formate ion-containing eluents. 
Chapter-I gives a comprehensive idea about environmental pollution in 
general; and of heavy metal, anion pollution'in particular. This chapter presents 
a detailed survey on the methodology and applications of thin-layer 
chromatography ( TLC ). The work done on TLC of inorganic anions and cations 
during 1980-1992 has been encapsulated in the form of a histogram (Fig. 1.4) to 
give a clear picture about the comparative studies made on cations and anions. 
Fig. 1.5 illustrates the distribution of TLC/HPTLC publications (1988-1991) 
among the most important fields. 
Chapter-II summarizes our efforts to develop new sorbent phases, by 
impregnating silica gel with chlorides of potassium, sodium, strontium and 
cadmium, nitrates of silver and uranyl; and lanthanum oxide. Chromatographic 
bi^aviour of 19 metal ions has been ivestigated on thin layers of unimpregnated 
and impregnated silica gel. Formate-ion containing aqueous solutions were used 
as eluents. The effects of level of impregnation and pH of mobile phase on the 
mobility of metal ions have been examined. Many ternary separations of metal 
ions have been presented in Table 2.2. 
Chapter-Ill establishes the practical utility of thorium nitrate impregnated 
sorbent phases in the analysis of toxic metals in environmental samples. Separation 
of zinc, cadmium, thallium and mercury from seawater, riverwater, industrial 
wastewater or soil has been achieved (Fig. 3.1 and 3.2). The effect of pesticides 
or anions on some of these separations has also been examined. Zn-' - Ni-' and 
Zn-" - Cd-' separations were achieved over a wide range of pH (0.5 - 11.5) of 
sample solution Zn-' from soil, seawater and riverwater samples has been 
successfully recovered, and it was quantitatively determined in the electroplating 
industrial wastewaters. 
Chapter-IV deals with the investigation of thin-layer chromatographic 
behaviour of seventeen cations on silica gel and alumina layers impregnated with 
LiCl. TLC parameters for the separation of Cu^* and Cd^ '^  from other metal ions 
in the presence of several anions have been calculated in order to establish the 
separation potential of the impregnated layers. The effects of mobile phase-pH 
and the degree of impregnation on R^ values have also been examined. The limit 
of detection for all cations on impregnated silica layers has been determined and 
presented in table 4.3. 
Chapter-V includes our efforts to develop a new class of sorbent phase by 
mixing silica gel with antimony-based ion-exchange gels; synthesized under 
•different experimental conditions. The sorption behaviour of heavy metals on 
these sorbent phases in different mobile phases (acidic, basic and mixed organic 
systems) has been examined. Solvent systems of practical utility for the separation 
of cationic species have been identified. Some important separations achieved 
experimentally have been listed in table 5.3. 
Chapter-VI summarizes the chromatographic behaviour of nine anions on 
layers prepared from the mixture of cellulose / silica gel and Kieselguhr using 0.1 
MHCl + acetone (1:9) as mobile phase. Effect of some amines and phenols on 
the separation of thiocyanate from other anions has also been examined. After the 
separation of thiocyanate by TLC, its recovery was determined by iodimetric 
method. 
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Table 4.3 
Limits of Detection and Dilution, of Metal Ions on 0.1% LiCI 
Impregnated Silica Gel Layers using I.OM Sodium Formate Eluent. 
Ion 
Co=-
Ni--
Cu-^  
Cd=' 
Hg=' 
Tr 
*U0,-' 
*In this case eluent was 1 OA^ formic acid 
**Diiution limit = 1 (volume of test solution x 10 )^ / Limit of detection (^g) 
Limit of 
detecton (|ig) 
3 44 
2 26 
1 23 
1 27 
0 227 
6 13 
7 39 
7 67 
0 62 
2 10 
2 37 
Dilution 
limit** 
1 2 9070 
1 4 4240 
1 8 1300 
1 7 8740 
1 4 4052 
1 1 6313 
I 1 3532 
1 1 3037 
1 1 6129 
1 4 7619 
1 4 2194 
X 10^  
X 10^  
X 10^  
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X lO-* 
X 10' 
X 10' 
Table 5.3 
Selected Separations Achieved Experimentally 
Layer Mobile phase Separations (R^ - R^) 
S, TBA Zn^MO.30-0.00) from Cd^Ml-00-0.90) 
(10% in methanol) UO/^ (0.20-0.00) from VO^Ml-00-0.90) 
Th^* (0.13-0.00) from Al'^ (1.00-0.80) 
TBA VO^* (1.00-0.90) from T i ' \ Cu-*, 
(10% in methanol) Fe^ + , F e ' ^ or Th^* 
-1 M formic acid (average R^,. 0.15) 
(1 -I- 1, v/v) AP* (1.00-0.90) from T i ' ^ Cu-*, 
Fe^*, Fe'* or Th"^ 
(average R^. 0.15) 
Ethyl methyl ketone Hg* (1.00-0.75) from Hg^* (0.00) 
TBA Fe'^ (1.00-0.90) from Bi'^ (0.12-0.00) 
(10% in methanol) 
-1 % potassium 
bromide-1 M formic 
acid (I + I + I, v/v) 
TBA-formic acid- VO^* (0.80-0.70) from H g \ Hg-'^  
acetone (2-1-4 + 4, Bi'^ and Tl* (R^.O.OO) 
v/v) 
Ethyl methyl ketone Fe^* (1.00-0.90) from Fe^* (0.06-0.00) 
-1 M formic acid 
(9 -1 -1 , v/v) 
56 TBA Mo*^ (0.00) from Se'^ (0.75-0.70) 
(5% in methanol) 
Ethyl methyl ketone Hg-* (1.00-0.90) from Hg* 
57 TBA a O / ^ (0.77-0.70) from Ni-'^ Co^^ 
(5% in methanol) Zn^*, Cd-*, Fe-*, Fe^^ Th"* 
Mo^^ T l ^ Ag^ (average R^.O.Ol). 
s 
Table 6.1 
Recovery of SCN' after TLC separation from 
Fe(CN)g''' and the same from Br' in photographic 
wastewaters. 
S No Amt of SCN' Ami of SCN' Relative R S D parts 
spotted (mg) recovered* (mg) error per thousand 
1 0 3 0 258 -14% 91 92 
2 0 6 0 561 -6 45% 94 93 
3 10 0 985 - 1 5 % 21 98 
4 2 0 1 976 -1 194% 15 10 
**5 10 0 980 -2 0% 47 72 
* Each value is the average of five determinations 
** Amount recovered from spiked photographic wastewater 
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CHAPTER -1 
GENERAL INTRODUCTION 
1 
1.1 ENVIRONMENTAL POLLUTION 
Environmental pollution can be defined as the unfavourable alteration of our 
surroundings by industrialization or by other human activities. A pollutant is a 
substance or effect present in nature in greater than its natural abundance and has 
detrimental effect on living organisms. It is usually introduced into the environment 
as sewage, waste, accidental discharge or as a by-product of manufacturing 
processes and as compounds used to protect plants. Pollution includes the release 
into the environment of substances which harm the quality of air, water or soil; 
-substances which upset the biological cycles linking man to animals, bacteria and 
plants, substances which damage the health of man, animals or plants. 
Pollution can be classified in various ways, of which medium based and 
pollutant based classification is popular. In the first approach, pollution is 
categorized according to the medium of dispersal and may be: 
(i) Air Pollution 
Atmospheric pollution is due to the presence of obnoxious gases (oxides of 
carbon, sulphur and nitrogen, hydrocarbons, etc.) and particulate pollutants 
(solid particles or liquid suspended in the air causing smoke, mists etc.). The 
emission due to automobile-exhaust, causes serious pollution of air. 
(ii) Water Pollution 
The indiscriminate discharge of wastewater from industries, and surface run off 
water from agricultural lands treated with pesticides; into the water bodies cause 
water pollution. In other words, environment for aquatic life and aesthetics are 
damaged beyond the reasonable limit, called tolerance limit. 
(iii) Land Pollution 
Land is said to be polluted when the quality of soil degenerates due to sewage, 
industrial waste, degradation of proteinaceous materials and chemicals used in 
our agricultural practices. 
According to the pollutant based classification, pollution is due to (i) energy 
pollutants and (ii) matter pollutants. Energy pollutants may be heat, noise, and 
radiation. Matter pollutants may be solid, liquid or gas and may further be 
classified broadly as: 
(a) Inorganic pollutants 
(b) Organic pollutants 
Among inorganic pollutants, heavy metals play a major role in water pollution. 
1.2 HEAVY METAL POLLUTION 
Heavy metal pollution of the environment from anthropogenic sources is one of 
the major health hazards of this century. The outbreak of/7a/ - ilai disease in 
Japan following the consumption of rice containing high levels of cadmium and 
the tragic incident of Minamata caused after eating methyl mercury contaminated 
fish are well known. This led to global concern over long-term as well as 
immediately imperceptible effects of heavy metals. Fig. 1.1 shows the different 
ways of human exposure to toxic metals in the environment. 
It is exceedingly difficult to make a clear distinction between essential and 
toxic metallic elements, as all metals are probably toxic if ingested in sufficiently 
large doses. Elements like arsenic, antimony, lead, cadmium, mercury and 
bismuth are known to be definitely toxic even at very low levels of intake. Table 
1.1 gives the idea about the biological effects and oral toxicity of metals to 
mammals. 
EMISSIONS 
FROM NATURAL 
AND-
ANTHROPOGENIC 
SOURCES 
HAZARDOUS 
WASTES 
TOXIC 
METAL 
HUMAN 
EXPOSURE 
Fig. 1 .1 . Human Exposure to Toxic Metals In the Environment. 
Table 1.1 
Classification of Metals According to Biological Effects 
Oral Toxicity to Mammals 
Highly toxic 
As 
Pu 
Sr 
Th 
Ti 
Moderately 
Cd 
Cu 
Hg 
Pb 
Sb 
V 
toxic SI ightly toxic 
Al 
Mo 
Ta 
W 
Zn 
Zr 
Non-toxic 
Ca 
Na 
I 
Rb 
K 
1.3 ANION POLLUTION 
Most common anions which are present in effluent are sulphide, sulphate, 
sulphite, fluoride, cyanide, phosphate and nitrate. Sulphides occur in tannery 
waste, septic tanks, oil refinery and viscose rayon waste. The sulphites are 
generally found in paper and pulp industries waste, while cyanide, chromate, 
molybdate are found in electroplating and metal polishing industrial wastewaters, 
Thiocyanate is present in the wastewaters of photography, catalysis, weed killers, 
dyeing and printing of textiles and paint manufacturing industries (1). 
Polyphosphates in detergents, the major source of phosphate in water, acts as an 
eutrophicant, resulting in excessive growth of plants, causing the aesthetic 
pollution to water bodies. 
To adopt effective, reliable and economic measures for the abatement of pollution; 
knowledge of pollution caused to the environment is necessary. This can be 
ascertained by the analysis, which mainly consist of three steps, (i) detection, (ii) 
determination and (iii) separation of pollutants from environmental matrices 
1.4 METHODS FOR QUANTITATIVE ANALYSIS 
Several methods are available for the quantitative analysis of pollutants, which 
can be mainly divided into non-instrumental and instrumental methods of analysis. 
A glance at table 1.2* gives all the information. 
Table 1.2 
Methods for Quantitative Analysis 
Name of the method Level of analysis Range of analysis (gm) 
Gravimetry mg 10'' - 10"' 
Volumetry mg 10' - lO-* 
Molecular absorption spectroscopy ng lO'^-IO"^ 
(UV/visible/infrared) 
Light scattering methods (ig 10'^- 10 ' 
(turbidimetry and nephlometry) 
Electroanalytical methods Hg 1 0 ' - lO'^  
(potentiometry, conductometry, 
coulometry and polarography) 
Molecular luminescence methods ng 1 0 ' - 10"^  
(fluorescence and phosphorescence) 
Atomic absorption spectroscopy ng 10'^- 10'* 
Emission spectroscopy ng 10*- 10 ' 
(flame photometry aud ICP-AES) 
Radioanalytical techniques ng 10"*- 10 ' 
(neutron activation analysis and 
isotope dilution method) 
•Source; S.M. Khopkar, Environmental Pollution Analysis, Wiley Eastern 
Limited, New Delhi, 1993. 
Gravimetric and volumetric methods are used when the pollutant is present 
at milligram levels in the matrix. Volumetric methods are classified into four 
groups involving acid-base titrations, redox reactions, precipitation methods and 
complexometric technique. These methods are used for monitoring of air as well 
as water pollution, e.g. the acid-base titration with conductance measurement is 
used for the analysis of SO, from air, or boron from sample of soil. The application 
of redox titrations in the determination of SCN', by the Winkler's method for the 
determination of dissolved oxygen (DO), biological oxygen demand (BOD) and 
chemical oxygen demand (COD) from water samples. Precipitation titration is 
applied in water analysis for the determination of dissolved chloride by Volhard's 
or Mohr's methods. The complexometric titration has maximum utility in pollution 
analysis. For instance, level of iron, manganese, nickel, calcium, magnesium etc. 
can be ascertained from polluted samples of water, using appropriate 
metallochromic indicator. 
Ultraviolet and visible spectrophotometry is a popular technique for the 
pollution analysis caused by organic and inorganic pollutants. The principal 
reason for such popularity may be the easy availability of colorimeters or 
spectrophotometers, In water pollution analysis for metal pollutants such as iron 
(1-10 phenanthroline), Mn (formaldioxime), Ni (dimethylglyoxime), Zn 
(dithizone); this method is commonly used, where a chromogenic ligand is 
reacted with metal pollutant to form coloured complex. So long as the system 
adheres to Beer's law, this technique is applicable to the analysis of majority of 
metallic pollutants present in water. 
Generally the pollutants are found in association with one another and thus 
determination of a particular pollutant becomes difficult. To get rid of, one has 
to resort to various separation techniques, such as precipitation, distillation, 
sublimation, extraction, crystallization, floatation, ultrafiltration, dialysis, 
electrophoresis and chromatography for the separation of the pollutant from 
interfering species. Among these separation methods, it may not be an exaggeration 
to say that chromatography has been the most favoured technique in the case of 
environmental samples. 
1.5 CHROMATOGRAPHY 
According to Keuleman "chromatography is physical method of separation, in 
which the components to be separated are distributed between two phases, one 
of which constituting a stationary bed of large surface area, the other being a fluid 
that percolates through or along the stationary phase". The origin of 
chromatography goes back to Runge's experiment on capillary analysis. Davy 
observed changes in the composition of crude petroleum when it came into 
contact with rocks displaying adsorptive activity. These reports may be considered 
as part of the development of chromatography. Michael Tswett published two 
papers (2) on the separation of plant pigments. The separation involves the 
formation of a series of green and yellow bands and hence the term 'chromatography' 
was coined by him. The pioneering work of Martin and Synge (3) set a precedent 
for the development of other forms of chromatography. The chronological 
development in separation techniques of chromatography is presented in table 
1.3. 
Table 1.3 
Chronological Development of Chromatographic Techniques 
S.No. Technique Year of 
Discovery 
Discovered by 
1. 
.2. 
3. 
4. 
5. 
Thin-layer chromatography 
(TLC) (adsorption) 
Partition chromatography 
Paper chromatography 
(PC) 
Counter current distribution 
(CCD) 
Gel permeation chromatography 
(GPC) 
1938 
1941 
1944 
1944 
1945 
Izmailov and 
Schraiber 
Martin and Synge 
Consden, Gordan 
and Martin 
Craig 
Barren 
Contd. 
6. Gas chromatography 
(GC) 
7. Ion-exchange chromatography 
(lEC adsorption) 
8. Electrophoresis 
9. Thin-layer chromatography 
(partition) 
10. Gas liquid chromatography 
11. High-performance liquid 
chromatography (HPLC) 
12. Ion-exchange chromatography 
(lEC partition) 
13. High-performance thin layer 
chromatography (HPTLC) 
14. Ion chromatography 
15. Overpressured layer chromatography 
(OPLC) 
1946 
1947 
1948 
1951 
1952 
1952 
1963 
1974 
1975 
1979 
Claesson 
Mayer and 
Thompkins 
Haugaard and 
Kroner 
Kirchner, Miller 
and Keller 
James and Martin 
James and Martin 
Samuelson 
James and Martin 
Small, Stevens 
and Bauman 
Tyihak, 
Mincscovics and 
Kalasz 
1.6 CHROMATOGRAPHIC SYSTEMS 
According to the physical arrangement, chromatographic systems can be divided 
into planar or column, depending on the geometry of the column support. The 
planar arrangement is represented by paper and thin-layer chromatography. 
According to the development procedures the planar system can further be 
classified as ascendant, horizontal, desendant and occasionally centrifugal. 
The four possible chromatographic systems derived from solid, liquid and 
gaseous phases are: 
(i) Liquid-liquid 
(ii) Liquid-solid 
(iii) Gas-liquid 
(iv) Gas-solid 
Of these, liquid-liquid and liquid-solid systems constitute "liquid 
chromatography'. This includes column chromatography, paper chromatography 
and thin-layer chromatography (TLC). Out of these, TLC is more efficient and 
rapid. However, the high performance liquid chromatography (HPLC), similar in 
efficiency to GLC, has widen the applicability of liquid chromatography. 
The work incorporated in this thesis mainly involves the use of TLC as 
analytical technique, hence, it may be appropriate to summarize some salient 
features of TLC. 
1.7 HISTORY OF TLC 
Thin-layer chromatography was first referred to in 1938 by two Russian workers, 
Izmailov and Schraiber ( 4 ), in what they called drop chromatography on 
horizontal thin layers. Little notice was made of this method until 10 years later, 
when two American chemists described the separation of terpenes in essential oils 
by TLC ( 5 ). TLC began to attract attention through the work of Kirchner and 
his associates, starting in 1951( 6-8 ). It was not until 1958, when Stahl ( 9 ) 
described equipment and efficient sorbents for the preparation of TLC plates, that 
the effectiveness of the technique for separation was shown. 
Dallas f A a/. (10 ) first reported the densitometry in TLC in the mid-i 960s. 
A symposium on quantitative TLC held in 1968 in Great Britain led to the first 
book published on this topic ( 1 1 ) . High-performance TLC plates ( 12 ) were 
produced commercially in the mid-1970s. As a result of improvements in practice 
and instrumentation in the late 1970s and 1980s, high-performance TLC (HPTLC) 
( 13 ), instrumental HPTLC ( 14 ), centrifugally accelerated preparative-layer 
chromatography ( 15 ), and overpressured layer chromatography, (OPLC) (16) 
were originated. These and other high-performance and quantitative methods 
have caused a renaissance in the field of TLC. 
10 
1.8 PROCEDURE 
A drop (0.5 - lO^xI) of a sample mixture is spotted onto a TLC plate at about 
3 cm above from the lower edge of the plate. The spot is completely dried at room 
temperature and the plate is developed in suitable mobile phase inside a closed 
chamber. Capillary action causes the mobile phase to travel through the stationary 
phase in a process called "development". The components of the mixture migrate 
at different rates during the development. After the development, the 
chromatogram is withdrawn from the chamber, dried at room temperature and the 
separated zones are detected using suitable detection reagent. Differential 
migration results because of varying degrees of affinity of components in a 
mixture, for the stationary and mobile phases. 
Compound identification in TLC is based on 7?^  which is calculated as the 
ratio 
distance of compound from origin 
R F 
distance of solvent front from origin 
/?^ values vary between 0.0 and 0.999, and have no units. The entire process of 
TLC can be summarized as in Fig. 1.2. 
1.9 PRINCIPLES AND TECHNIQUES 
In TLC, separation of components in a mixture is achieved by homogenizing the 
experimental conditions involving stationary and mobile phases. The desired 
separation can be achieved by proper selection of adsorbent (stationary phase) 
and solvent (mobile phase). 
1.9.1 Nature of Phase Interactions 
There are a number of chemical and physical characteristics of compounds that 
determine the degree to which a pair can interact with each other. This is true for 
Preparation of Sample 
Relatively Pure Component Crude Extracts 
Sample Purification 
Applied on Chromatoplate 
by Spotting or Streaking 
i 
Development 
I 
Drying of Chromatogram 
i 
Detection 
Visual, UV-scanning, reagent spray 
I 
Component Removal 
(optional) 
i 
Documentation 
Fig. 1.2 The Process of Thin-Layer Chromatography 
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mobile phase-solute, solute-sorbent, and mobile phase-sorbent interactions. 
Some of the important characteristics are: 
I Intramolecular forces, which hold neutral molecules together in the liquid 
or solid state. These forces are physical and they are characterized by low 
equilibrium and result in good chromatographic separation. 
2. Inductive forces, which exist when a chemical bond has a permanent 
electrical field associated with it {e.g. C-Cl or C-NO^ groups), affects interactions. 
Under influence of this field, the electrons of an adjacent atom, group, or 
molecule are polarized so as to give an induced dipole moment. This is a major 
contributing factor in the total adsorptive energy on alumina. 
i. Hydrogen bonding makes a strong contribution in adsorptive energies 
between solutes or solvents having a proton donor group and a nucleophilic polar 
surface such as that of alumina or silica gel. 
4. Charge transfers between components of the mobile phase and the sorbent 
can also take place to form a complex of the type S'^ A" (where S = solvent or 
solute, and A = surface site of sorbent). This is prominent in ion-exchange 
chromatography. 
5. Covalent bonds can be formed between solute and/or the mobile phase and 
the sorbent. These are strong forces and result in poor chromatographic separation. 
1.9.2 The Solvent Strength Parameter 
The solvent strength parameter is defined by Snyder ( 17 ) as the adsorption 
energy per unit of standard sorbent. The physical and chemical forces listed in the 
above paragraph are involved in determining the level of interaction of the sorbent 
and mobile phase. The higher the mobile phase strength (greater interaction with 
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the sorbent), the greater will be the R^ of the solute in simple liquid-adsorption 
TLC. Usually one tries to select a mobile phase so as to obtain R^ values of 0.3-
0 7, to achieve well-separated zones. Stronger mobile phases give greater 
interaction with the solute and will decrease adsorption, thus causing faster 
migrations. Decreasing the solvent strength can increase resolution. Difficult 
separations can be achieved by varying the selectivity (changing interactions) of 
the mobile phase. Solvent strength is dependent on its reactivity with the sorbent. 
With a large number of sorbents available, one has to resort to some trial and 
error to find the best mobile phase for separating the components of interest. 
Trappe (18) described a series of solvents in the order of their eluting power. 
1.9.3 A d s o r b e n t s 
A large number of sorbents are available which can be used in TLC but the four 
sorbents most commonly used are silica gel, alumina, cellulose and kieselguhr 
(diatomaceous earth). 
Silica gel (silicic acid) is the most popular layer material. It is slightly 
acidic in nature. At the surface of silica gel the free valencies of the oxygen are 
connected either with hydrogen (Si-OH, silanol groups) or with another silcon 
atom (Si-O-Si, siloxane groups). The silanol groups represent adsorption active 
surface centres that are able to interact with solute molecules. The ability of the 
silanol groups to react chemically with appropriate reagents is used for controlled 
surface modifications. Hence, silica gel is considered as the most favoured layer 
material in chromatography. 
Alumina (aluminium oxide) is also widely used as a sorbent. Chemically it 
is basic and is more reactive than silica gel, but for a given layer thickness it will 
not separate quantities of material as large as can be separated on silica gel. 
Adsorption is the separation mechanism in both silica gel and Alumina. 
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Cellulose can be used as a sorbent in TLC when it is convenient to perform 
a given paper chromatographic separation by TLC in order to decrease the time 
required for the separation and increase the sensitivity of detection. This is 
important when only a small amount of sample is available, as TLC does not 
generally require as much sample as PC. 
Kieselguhr is a chemically neutral sorbent that does not separate or resolve 
as well as either alumina or silica gel. 
The various types of sorbent layers used may be broadly classified as 
follows: 
/, Unmodified or untreated sorbents: 
In addition to the above mentioned silica gel, alumina, cellulose, kieselguhr, 
sorbents like polyamides (polymide 6 and pclymide 11) and sephadex (cross 
linked polymeric dextran gels), come into this category. 
//. Bonded or Ckemically Modified Sorbents: 
In recent years the importance of using surface-modified sorbents in TLC has 
increased. Both hydrophobic and hydrophilic modified sorbent phases have been 
used. 
(a) Hydrophobic Modified Phases (RP Phases): 
The non-modified sorbents show polar surface characteristics, therefore, 
they are not of much practical utility for chromatographic separations of solutes 
having identical polar characteristics. This problem has been solved using 
hydrophobic interactions of the stationary phase with compounds of appropriate 
molecular weight. The most popular such organo-functional groups are methyl 
(RP-2), octyl (RP-8), dodecyl (RP-12), octadecyl (RP-18) and phenyl residues. 
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(b) Hydrophilic Modified Sorbents: 
Hydrophilic modified sorbents possess amino-, cyano- and diol residues as 
a functional group. The polar functional groups, in each case, are bonded via 
short-chain non-polar spacers to the silica matrix. 
/ / / . Impregnated Sorbents: 
Besides the possibility of changing the selectivity of sorbent by chemical 
modification, improvement in selectivity can also be achieved by impregnating 
the matrix with suitable organic or inorganic substances (physisorption). 
(a) Organic Impregnants: 
Silica gel has been impregnated with diethylene-triamine, sulphaguanidine, 
8-hydroxyquinoIine and t-butylamine, 2,2-dipyridal, iminodiacetic acid, 
tributylamine, EDTA, pyridiniumtungstoarsenate, p-toluidinee/c. Microcrystalline 
cellulose impregnated with chitosan formate, bis-(2-ethylhexyl) orthophosphoric 
acid or trioctyl phosphine oxide-bis-(2-ethylhexyl) orthophosphoric acid has also 
been used as layer material. 
(b) Inorganic impregnants: 
Ceric molybdate, sodium molybdate, ammonium chloride, sodium, barium 
and thorium nitrite, sodium nitrates, potassium ortho dihydrogen phosphate and 
copper sulphate have been used as the impregnants for silica gel. 
IV Miscellaneous Sorbents: 
In this category one can report numerous types of sorbent phases, that have been 
used in TLC. Some of such sorbents are summarized below: 
Silica gel H slurried in 4% ammonium nitrate solution containing 1% sodium 
carboxy methyl cellulose (CMC), silica gel G - starch, silica gel G - ceric 
molybdate, silica gel R - vionite CS ion exchanger, silica gel G - sodium carboxy 
methyl cellulose kaoline, chitosan, kiesel gel G-chitosan, microcrystalline cellulose 
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mixed with powdered chitosan, diethylaminoethyl (DEAE) - cellulose layers in 
H* form, cellulose phosphate in thiocyanate form, p-cellulose + microcrystalline 
cellulose (2:1) in free hydrogen form, cellulose phosphate + microcrystalline 
cellulose (3; 1) cellulose (chemapol) azopyrocatechol group, alumina with plaster 
of paris binder, stannic arsenate, stannic antimonate, hydrated stannic oxide, 
zirconium tungstate in H^  form, B-stannic arsenate in H* form, Ti (IV) antimonate 
in H* form, polystyrene-divinylbenzene copolymer, Dowex 50 Wx8 + silica gel 
(1:1) and Amberlite IRA-400 + silica gel (1:1). 
Both commercially available (precoated) layers as well as home m.ade 
sorbent layers have been used. 
1.9.4 Coating Procedures 
The methods used to coat a plate with a thin layer sorbent include (i) pouring , 
(ii) spreading (iii) immersing and (iv) spraying. Of these four, the spreading 
procedure is the most widely used. Spreading procedures are preferred for a 
number of reasons, including good reproducibility, adjustment of layer thickness 
and ease of operation. The adsorbent layer can be spread either using manual 
procedure or commercial spreading apparatus such as Toshniwal, Camag, etc. 
1.9.5 Sample Preparation 
A variety of sample preparation methods are used to make a sample ready for 
chromatographic analysis, including dissolving of samples, extraction, column 
chromatography, centrifugation and evaporation. Often it is necessary to use a 
number of them together, and when working with biological samples, many times, 
all of the methods are used in sequence in order to sufficiently purify a sample so 
that it is suitable for chromatography. 
Cations are generally dissolved in distilled water maintaining a constant 
concentration such as 1% orO. lA .^ In some cases the corresponding acid is added 
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to prevent hydrolysis. Rare earth solutions are prepared by dissolving their 
nitrates in 0. IMHNO, or by fusion followed by dissolution in dilute HCl or HNOj. 
Anions are usually taken as their water soluble sodium, potassium or ammonium 
salts. Methanol or ethanol are used as solvents for preparing the sample solutions 
of organometallics. 
1.9.6 Sample Application 
Sample application is one of the most important steps in the technology of TLC. 
Improperly applied samples result in poor chromatograms. Samples should be 
applied as a 0.01 - 1.00% solution in the least polar solvent in which they are 
soluble. Normally, 0.1 - 0.5% solution concentration is appropriate. Samples are 
applied as spots or streaks on the sorbent layer, about 2-3 cm above from the 
lower edge of the TLC plate so that only sorbent layer makes contact with the 
mobile phase and the sample does not dissolve in the mobile phase. The sample 
should be completely dried before placing the plate in the developing chamber. 
Dilute solutions can be applied to the layer either with sorbent drying between 
successive applications, or after bringing the sample solution to proper 
concentration. 
Micropipette, microsyringe, melting-point capillaries etc. are used to 
apply the sample on the plates. A number of automatic spotters of varying design 
are also available in the market. These instruments are of four types: 
(i) Holders of a fixed number of disposable capillaries. 
(ii) Syringe-type sample streak applicators. 
(iii) Large-capacity tube fitted with a capillary delivery system to deliver a 
single sample, 
(iv) Multiple syringe holders with provision for automatic depression of the 
plunger. 
18 
1.9.7 Development 
Development in TLC is the process in which the mobile phase moves across the 
sorbent layer to effect separation of the sample substances. Ascending development 
or linear development is the commonly used mode of development in TLC in 
which the mobile phase moves up (ascends) the plate. Any close container that 
will hold the plate upright is usable. While performing the development one 
should take care of the angle of the development and saturation of chamber apart 
from other factors. It has been observed that the angle of development, that is, 
the angle at which the plate is supported, affects the rate of development as well 
as the shapes of the spots (19). An angle of 75° is optimum for development. 
1.9.8 Development Techniques 
If a desired separation is not achieved by simple development, there are some 
development options available to achieve a desired separation. 
(i) Multiple Development 
If a single development of plate indicates a partial separation, the plate may be 
allowed to dry and then may be reinserted into the developing chamber for re-
development. This process, increases the effective length of the layer so as to 
enhance possibility of separation. This technique is particularly useful to separate 
the species with a low/?^ value. The technique of multiple development was first 
applied to TLC in 1955 (20). 
(ii) Stepwise Development 
This procedure was first used by Stahl (21, 22). When a mixture contains 
compounds that differ considerably in polarity a single development with one 
mobile phase may not provide the desired separation. However, if the plate is 
developed successively with different mobile phases that have different selectivities 
or strengths, a separation may be achieved. 
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(Hi) Continuous Development 
In this technique, a continuous flow of mobile phase along the length of the plate, 
with the mobile phase normally allowed to evaporate off as it reaches the end of 
the plate, is carried out. This technique was first used by Mottier and Potterat 
(20). 
(iv) Two-Dimensional Development 
This technique is the application of normal, multiple, or stepwise development in 
two dimensions. The single sample to be separated is spotted in one corner of a 
plate and developed in the normal way for a fixed distance. The plate is removed 
from the developing chamber and dried. The plate is turned 90° and placed into 
a chamber containing a different mobile phase so that it develops in a direction 
perpendicular to that of the first development. The line of the partially resolved 
sample components from the first development forms the origin for the second 
development. This procedure is illustrated in Fig. 1.3. This technique is applied 
for the separation of clinically important substances (23 - 27). 
(v) Circular Development 
In this procedure the mobile phase is carried to the centre of the layer by means 
of a wick. The mobile phase flow is towards the centre of the plate. This 
technique is useful for separating the compounds by TLC, whose ^^ = 1. 
(vi) Reversed'Phase Partition Development 
This method employs a relatively non-polar stationary phase, which makes the 
layer hydrophobic, rather than hydrophilic as in normal partition TLC. The 
mobile phase is relatively polar and may be water or an alcohol. Most commonly 
used TLC sorbents such as cellulose, silica gel and kieselguhr have been used for 
reversed-phase development. 
20 
Second development 
c 
a< 
E 
ex 
2 
> 
-a 
'iL ist origin 
1 
I 
1 
1 
1 
t 
1 
1 
2nd 
origin 
1 
• 1 
• • 1 
— 1 — 
1 
2nd 
solvent 
origin 
Fig. 1.3 Two Dimensional Development 
21 
1.9.9 Visualization 
The methods of visualization (detection) used in TLC are of three major types, 
(i) physical (ii) chemical and (iii) enzymatic or biological. 
Physical methods of detection involve spectroscopy or autoradiography, 
X-ray fluorescence micro analysis with a scanning collimated primary X-ray 
beam, UV-radiatlon etc. Among the physical methods, visualization in UV-llght 
is most common. This method is highly sensitive, non-destructive, and amenable 
to the visualization of spots before undertaking quantitative studies. 
Chemical methods of detection involve the spraying of chromatoplates 
with a suitable reagent, which forms coloured compounds with the separated 
species. Reagents giving clear and sufficiently sensitive colour reactions with 
several species are preferred. Both selective and non-selective reagents, may be 
chosen for the location of the separated zones. 
Nanda and Devi have reported an enzymatic method (28) for the detection 
of heavy metals in fresh water. Nicolaus and Coronelli (29,30) have reported a 
microbiological method, called bioatuography for the detection of antibiotics on 
TLC plates using triphenyl tetrazolium chloride (TTC) and a micro-organism that 
is sensitive to the antibiotic in question. 
1.9.10 Documenting the chromatogram 
The process of documentation of a developed chromatogram includes the 
evaluation and recording of chromatogram. To evaluate a chromatogram the 
developed chromatogram is removed from the development-chamber, it is observed 
in visible light and then appropriate visualization method is used. After noting 
spot locations and colour, /?^ values may be measured. Spots that identify with 
known standard substances may be identified by name. All details about the 
development-chamber, mode of development, thin-layer, mobile phase, sample 
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application, location reagents and methods should be reported in recording a 
chromatogram. There are several ways for documenting a chromatogram, some 
of the importants are, (i) documenting by photography (ii) densitometry and (iii) 
Printout from video monitor. 
1.9.11 Q u a n t i t a t i o n 
The three main approaches associated with quantitation in TLC are, (i) visual 
estimation (ii) zone-elution (iii) in situ densitometry 
(i) Visual Estimation 
This is the simplest form for semi-quantitative analysis by TLC. A definite 
sample aliquot is chromatographed alongside standards containing known weights 
of analyte. After detection, the weight of analyte in the sample is estimated by 
visual comparison of the size and intensity of the sample zone with the standards. 
The accuracy and reproducibility of this method falls in the range of 10-30%. 
Visual comparison works well if the applied amounts of sample on chromatogram 
are kept close to the detection limit, and the sample is accurately bracketed with 
standards. 
In an attempt to standardize the quantitation in TLC, Mohammad and 
Fat ima (31,32), Mohammad and Tiwari (33), Nanda and Devi (34), and 
Mlodzikowski (35) have established a linear relationship between the spot size 
and the amount of the analyte. 
(ii) Zone-Elution 
The zone elution method involves (a) drying the layer, (b) locating the 
separated analyte zones, (c) scraping off the portion of sorbent layer containing 
the analyte from the chromatogram, and (d) measurement against standards by an 
independent microanalytical method viz. solution spectrometry, gas 
chromatography, voltammetry etc. 
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(Hi) In situ Densitometry 
In situ densitometry is the preferred technique for quantitative TLC. 
Substances separated by TLC or HPTLC are quantified by /'// situ measurement 
of absorbed visible or UV-light, or emitted fluorescence upon excitation with 
UV-light. Absorption of UV-Hght is measured either on regular layers or on 
layers with incorporated phosphor. 
1.10 REPRODUCIBILITY 
The /?^ values in TLC are dependent upon many variables (36) which must be 
regulated carefully during the preparation and evaluation of the chromatogram, 
to obtain reproducible results. The major factors which influence the R^ values 
include: 
(i) Nature of the sorbent, 
(ii) Layer thickness, 
(iii) Layer-activation temperature, 
(iv) Chamber saturation, 
(v) Nature of mobile phase, 
(vi) pH of the medium, 
(vii) Development technique used, 
(viii) Room-temperature, 
(ix) Sample size, and 
(x) Relative humidity. 
1.11 LATEST DEVELOPMENT IN TLC 
After the pioneering work of Kirchner and Stahl, TLC became important for the 
separation of samples not amenable to analysis by GC. The rapid growth of TLC 
was slowed down during 1970s with the corresponding rise in popularity of 
HPLC. The capacity factors in HPLC are more reproducible than R^. values in 
TLC. However, recent improvements in TLC have removed many of its limitations. 
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As a result of the recent innovations, several new sister-techniques such 
as high-performance thin layer chramatography (HPTLC), overpressurized thin 
layer chromatography (OPTLC), centrifugal layer chromatography (CLC) and 
reversed-phase thin layer chromatography (RPTLC), radial chromatography, hot 
plate chromatography, pyrolysis and TLC, bioautography, immunostaining and 
enzyme inhibition techniques came into light. HPTLC layers being thinner and 
made of sorbent with more uniform particle size are developed for a shorter 
distance. All these factors lead to faster separations, reduced zone diffusion, 
lower detection limits, less solvent consumption and better separation efficiency. 
In OPTLC, the vapour phase is eliminated and the sorbent layer is 
completely covered with an elastic membrane under external pressure. The 
mobile phase migrates through thin layer due to the 'cushion system' at over 
pressure. Thus, OPTLC combines advantages of the continuous development 
techniques and elimination of free space in the chromatographic chamber. 
In CLC the sample is applied near the centre of a rotating disc covered with 
adsorption material. The flow of eluent is induced by centrifugal force. Thus, 
during elution the concentric zones of substances migrate towards the outside of 
the plate. The separated zones are eluted sequentially from the disc and thus can 
be recovered separately. 
1.12 COMBINATION OF TLC WITH OTHER ANALYTICAL 
TECHNIQUES 
The careful combination of TLC with other analytical techniques is more useful 
to gather information regarding the analysis of a complex sample. 
Spectrophotometry, high-performance liquid chromatography and gas 
chromatography, in conjugation with TLC are the three most widely used 
techniques. However, mass/GC, infrared and thermal analytical techniques in 
combination with TLC have also been used. 
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1.12.1 TLC - Column Chromatography 
TLC has many advantages over column chromatography, it can be used as a pilot 
technique to select the best combination of mobile phase and sorbent, for the 
analysis of desired sample by column chromatography. Some of the correlations 
and uses of the combination of column chromatography and TLC have been 
reviewed by Janak (37,38) and by Schlitt and Geiss (39). 
1.12.2 T L C - S p e c t r o p h o t o m e t r y 
TLC in combination with spectrophotometry has been widely used for the analysis 
of organic and inorganic pollutants in different environmental samples. Mohammad 
el al. (40) have utilized TLC in combination with spectrophotometry for the 
identification, separation and quantitation of Hg(II) in different water samples. 
Many examples of this combination are given in the following review, under the 
sub-heading applications'. 
1.12.3 TLC-HPLC 
Boshoff e/a/. (41) have recently coupled TLC with HPLC. They have successfully 
detected steroids (60ng/spot) and methoxychlor (0.6ng/spot). Camag has 
introduced an instrument, the Luminat C, which sprays the effluent from the 
HPLC onto HPTLC layer. 
1.12.4 TLC - Gas Chromatography 
TLC may be combined with GC, indirectly as well as directly. The majority of 
TLC - GC work is done by indirect coupling. The sample is developed on a TLC 
plate, the separated areas may be tentatively identified, and desired zones are 
eluted from the plate, concentrated, derivatized, or otherwise modified, and then 
subjected to separation and identification by GC. This combined technique has 
been mostly used in the analysis of organics (42-44). 
The advantages and applications of direct physical coupling of the GC 
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instrument with the TLC plate, has been reviewed by Kaiser (45) and Janak 
(37,38). 
1.12.5 T L C - Mass Spectrometry 
The combination of TLC with a mass spectrometer (MS), or with a gas 
chromatograph coupled to a mass spectrometer (GC/MS), is very useful for the 
unambiguous identification of separated substances. 
Lisoba (46) has shown how the combination of TLC with GC/MS has 
proved to be indespensible for the positive identification of steroids. Majer et al. 
(47) have used TLC with MS as a highly sensitive method for the analysis of 
polycyclic aromatic hydrocarbons. 
1.12.6 T L C - Infrared Spec t roscopy 
Percival and Griffiths (48) separated most of the coloured dyes by argento-TLC, 
and their spectra were determined /// situ, using an IR Fourier transform 
spectrometer. Nash et al. (49) identified the pesticide rotenone in a TLC 
chromatogram of technical grade rotenone using potassium bromide microdiscs. 
1.12.7 Miscellaneous Combinations 
Differential thermal analysis (DTA) has been combined with TLC for the 
identification of dicarboxylic acids at 20 - 60 ^g level (50). One of the newest 
techniques used in combination with TLC is photoacoustic spectrometry. 
Photoacoustic spectrometry is able to locate compounds /// .v/7// on the plate. 
Rosencwaig has obtained optical data on miscellaneous organics, inorganic 
materials (51) and haemoproteins (52) using this technique. Issaq and Barr (53) 
combined TLC with flameless atomic absorption spectrometry (FAAS) to identify 
an inorganic compound in an impure organometallic complex and to determine 
the recovery and purity of organometallic samples. 
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The examples cited above, reveal, how the separation method of TLC 
complement the analytical methods necessary for the absolute identification of a 
substance. TLC provides an excellent purification method for separating a 
substance of interest from other contaminants in the sample. Analytical techniques 
can then be applied to identify the separated substances. 
1.13 ADVANTAGES OF THIN-LAYER CHROMATO-
GRAPHY 
TLC is the most versatile and flexible chromatographic method. It is rapid 
because precoated layers are available to be used as received, without preparation. 
It has high sample throughput, because a large number of samples can be applied 
and separated on a single plate. The automated sample applicators and developers 
allow high accuracy and precesion in quantification. The wide choice of detection 
reagents leads to unsurpassed specificity. Since the layers are normally not 
reused, less pure samples can be applied as such. Being an "offline* method, 
different steps of the procedure are carried out independently. 
1.14 APPLICATIONS 
This is a selective review of applications of TLC covering the period 1980 to 
1993. Depending on the nature of the sample analysed, applications of TLC have 
been divided into six sections, viz. biological, food stuff, geological, industrial, 
pharmaceutical, soil, water and industrial wastewater. Samples not covered 
under the above sections have been grouped separately under the section 
miscellaneous'. 
1.14.1 Biological Samples 
Scanning densitometry in combination with TLC, has been used for the 
determination of traces of Cu(II), Fe(II) and Fe(III) in serum(54), and of selenium 
in biological tissues (55). A TLC method for the detection of metal-EDTA 
complexes in human faeces (56), and for Pb(II), Cd(II), Hg(II), Co(ll), Ni(ll), 
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Zn(II), Cu(II) and Mn(II) present in autopsy tissue (57) has been reported. A 
chromatographic system in TLC, identified as a sensitive method (58) for the 
detection of heavy metals as their dithizonates in urine, blood and excrement is 
reported. A successful method for the quantitative separation of inorganic 
mercury and methyl mercury from animal, fish and plant tissues has been 
developed (59). Spectrophotometry in combination with TLC has been used to 
determine Cd(II), Hg(II) and Pb(II) in blood and urine samples (60). 
1.14.2 Foodstuffs 
An analytical procedure involving extraction, TLC and densitometry has b^ een 
developed for the determination of bromate ion in bread and flour dough (61). 
Li(I) and Bi(III) down to 0.25 and 1,5 |ig respectively, were identified and 
detected in spiked human milk samples (62), and selenium was identified in food 
(63) using TLC. Silicon in edible oils has been separated (64) on silica gel layers 
using light petroleum- diethyl ether (98:2) as the mobile phase. 
1.14.3 Geological Samples 
Ryabukhin et a/. (65) have developed a novel method for the analysis of rocks for 
rare earth elements. Rare earth metals in ores, rocks and irradiated nuclear fuels 
were separated and determined using TLC (66). 
1.14.4 Industrial Samples 
TLC has been used in the following studies, determination of copper (67) in 
aluminium alloys, evaluation of radiochemical purity of Na '^'I solution (68), and 
rapid detection of copper, iron and manganese ions in cotton materials (69). A 
method involving circular TLC and spectrophotometry for the determination of 
0.01-1.0% lanthanum and yttrium in molybdenum-based alloys has been described 
(70). Perchlorate in explosive residues were detected on paper strips and TLC 
plates (71). Paper electrophoresis, TLC and densitometry have been combined 
for the determination of anionic species (72). TLC-densitometry is reported (73) 
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for the quantitative determinations of Ti, Zr, Hf, rare-earth-, transition-, and Pt-
group metal ions in steels, alloys and industrial solutions. 
1.14.5 Pharmaceut ica ls 
TLC has been used for the identification of mercury salts (chloride, nitrate, 
cyanide, sulphate and sulphide) in homeopathic drugs (74), and for the separation, 
identification of inorganic impurities (cationic and anionic) in drugs of the 
Austrian Pharmacopoeia (75). 
1.14.6 Soil, Water and Industrial Wastewater Samples 
TLC has been applied for the following studies; analysis of total heavy metal 
content (76) in industrial wastewaters; detection and semi-quantitative 
determination of Pb(II), Zn(II), Cd(II), Hg(II) and Cu(II) in industrial wastewater 
(77); separation and determination of heavy metal ions in electroplating 
wastewaters (78); detection of Hg(n), Zndl), Cu(II) and Pb(II) present in water 
and aquatic plants (79); separation and identification of Cd(II), Hg(II), Zn(n) and 
T1(I) in seawater and industrial wastewater (80). A simple PC and micro-TLC 
method for the separation and detection of some heavy metals in freshwater has 
been reported (28). The use of TLC-spectrophotometry has been reported for the 
nanogram determination of boron in soil and water samples (81); microgram 
determination and recovery of Hg(II) from the river and industrial wastewater 
(40). 
1.14.7 Misce l laneous 
The following chromatographic systems were reported for general or specific 
TLC separations of metal ions (on plain silica gel layers, unless otherwise noted): 
aqueous solutions of sodium malonate and sodium maleate (82) or sodium 
thioglicolate (83) as mobile phases for Fe, Ni, Cu, Pb, Zn and Mn ions; aqueous 
glycolic acid for transition metals (84); Polichrom A porous polymer RP plates 
for Re, Mo, V and W ions (85); ECTEOLA-cellulose and 2.5 MHC\ - 2.5MNaCl-
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0.6% H 0., mobile phase for Au, Pt, Pd and associated base metal ions (86); 
Stannic silicate in 36 solvent systems for 27 cations (87); mineral acid - H^O, 
media for Zr and Hf ions (88); aqueous alkali-metal chlorides for rare earths (89); 
RP-TLC using a high molecular weight amine - citrate system (90) and layers 
impregnated with mono (2-ethylhexyl) phosphate and developed with nitiric acid 
(91) for lanthanides and some other elements; alumina layers developed with 
aqueous solutions of organic and inorganic acids for Au, Se and Te ions (92) and 
for Mo, Re, W and V ions (93); zirconium (IV) phosphoantimonate layers in 
buffered EDTA- containing solvents for 24 ions (94); layers loaded with different 
high molecular weight amines and citric acid mobile phase for some first transition 
series elements (95); polyethyleneimine cellulose layers in mixed sulphuric acid-
methanol or acetone (96), HCl - dioxane (97), and sulphuric acid - dioxane (98) 
media for 49 ions; diethyl (2-hydroxypropyl) aminoethyl cellulose layers in HCl 
and HCl-NH^Cl media for 49 ions (99); silica gel layers impregnated with 
ammonium thiocyanate in formic acid - sodium formate or potassium ferrocyanide 
media for some inorganic pollutants (100); dimethylamine-acetone-formic acid 
mobile phase for Th, U, and Zr ions (101); RP-TLC of heavy metals on silica gel 
loaded with tributylamine (102); formic acid-tributylamine-alcohol/ketone solvent 
systems for V(V) (103); silica gel impregnated with sodium molybdate and formic 
acid-butanol solvents for Tl(III) (104); aqueous sodium formato-halogen anion 
solvent systems for Cd, Zn, Cu, Ni and Co ions (105); PEI-cellulose in HCl-
ammonium thiocyanate media for 58 ions (106); PEI-cellulose in mixed HCl-
organic solvent media for 49 ions (107); zirconium (IV) antimonate layers for 
Ru(III) (108) aqueous alkali metal nitrate systems for rare earths (109); mixed 
organic solvents containing sec-butylamine for Zn(II), Cd(II) and Cu(II) (110); 
C|3 bonded silica gel with a-hydroxy-isobutyric acid-methanol (Ml ) and methanol-
lactate (112) developing solvents for rare earths; silica gel impregnated with 
hydroxybenzoic acids for transition-metal ions (113); and silica gel impregnated 
with salt solution using formic acid and salt solution as mobile phases for 14 ions 
(114); zinc ferrocyanide thin layers and ammonium nitrate eluent for alkali metals 
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(1 15), p-aminobenzyl cellulose plates developed with H^SO^or H,SO^-ammonium 
sulphate mobile phase (116), chitin and chitosan bed with methanol, ammonia or 
acetic acid for Cu(II), Co(II), Cd(II), Hg(II), Ni(II) and Ag(I) (117); diethyl (2-
hydroxypropyl) aminoethyl cellulose layers in sulphuric acid and ammonium 
sulphate media for Th and U (118), cellulose-acetylacetone/acetone/conc HCl 
(5 5 1) for twenty one inorganic cations (1 19), high molecular weight amine-
succinic acid system for RP-TLC of 3d metal ions (120) 
A four-step method for the indirect detection of cations (121), use of a 
porous glass sheet as a stationary phase for the detection of cations by fluorescence 
on heating (122), systematic analysis of cations within the six analytical groups 
(123), the influence of chemical modification of Djradzor diatomite on its 
chromatographic characteristics (124), and preconcentration,separation and 
spectrophotometric quantitation of trace metal ions using l-(2-pyridyIazo)-2-
naphthol loaded silica gel layers as stationary phase (125) are some latest 
applications of TLC. 
TLC separations of anionic species in the following systems have been 
reported sixteen anions on silica gel layers using 69 organic solvent systems 
(126), silica gel impregnated with inorganic salts, and mixed aqueous-organic 
eluents containing formic acid for seventeen anionic pollutants (33), RP-ion-pair 
TLC with direct UV-detection for some anions (127) hydrous antimony (V) oxide 
thin layers with aqueous organic acid systems for seventeen anions (128), plain 
and mixed adsorbents using water as eluent for common anions (129) 
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WORK-PLAN 
The work incorporated in this thesis was taken up with following aims: 
I. To develop new sorbent phases, (i) by impregnating conventional adsorbents 
viz. silica gel and/or alumina with inorganic salt solutions, (ii) by blending 
silica gel with inorganic ion-exchange gels and (iii) by preparing mixed-
bed sorbent phases. 
II. To establish the practical utility of some of these sorbent phases in 
environmental analysis. 
III. To achieve some important separations of inorganic ions. 
IV. To couple TLC with other analytical techniques viz. spectrophotometry, 
titrimetry; for the quantitation of inorganic species in environmental 
samples. 
CHAPTER - II 
CHROMATOGRAPHY OF HEAVY 
METALS ON NEW SURFACE-
MODIFIED SORBENT LAYERS 
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Literature reports four common approaches regarding the use of layer materials 
as stationary phase in normal TLC of inorganics: (i) pure hydrous solids (1-7), (ii) 
hydrous solids impregnated with organic substances (8-10), (iii) synthetic inorganic 
ion-exchange materials and cellulose derivatives (11-15), and (iv) mixed adsorbents 
with or without a binder or inorganic salt (16-20). 
The trend of using thin layers impregnated with inorganic salts is of recent 
origin (21-24). A systematic and comparative study on the sorption of heavy 
metals using layers impregnated with inorganic salts is lacking. The present study 
is an effort to explore the analytical potential of impregnated or surface-modified 
layers for the analysis of heavy metals. 
EXPERIMENTAL 
Apparatus 
A TLC applicator (Toshniwal, India), glass plates of 20 x 3.5 cm size and glass 
jars of 24 cm in height with 6 cm diameter were used. 
Reagents 
Silica gel G (E. Merck, India), formic acid (Qualigens, India), sodium formate 
(S.D. Fine Chemicals, India), sodium and potassium chlorides (Qualigens, India), 
strontium chloride (Duchem, India), cadmium chloride (Ajax Chemicals, India), 
silver nitrate (Qualigens, India), uranyl nitrate (CDH, India), lanthanum oxide 
(Romali, India), and all other reagents were also of analytical grade. 
Test solutions 
The test solutions (1% aq.) were chloride, nitrate or sulphate salts of nickel, 
cobalt, iron, cadmium, mercury, bismuth, thallium, lead, silver, uranyl, aluminium, 
thorium, copper, vanadyl, zinc, and manganese, except potassium dichromate, 
sodium molybdate and sodium tungstate. 
44 
Detection 
The following detection reagents were used: 
(i) alcoholic dimethylglyoxime (1%) for Ni^*and Co^^ 
(ii) aqueous potassium ferrocyanide (1%) for Cu^*, F e ' \ VO^* and UO^^*; 
(iii) dithizone (0. \%) in carbon tetrachloride for Zn-*, Cd** and Mn-^ 
(iv) hydrogen sulphide gas for Bi'*, 1\\ ?b^\ Ag* and Hg^ "^ ; 
(v) aqueous aluminon (1%) for Al'*; 
(vi) aqueous thoron (1%) for Th"*, and 
(vii) alcoholic pyrogallol (0.5%) for MoO/ ' and WO/*; 
dichromate ion was self-detected as a yellow coloured spot. 
Mobile phase 
The following were used as mobile phases: 
S. = aq. 1.0Mformic acid (pH 1.8), 
S, = aq. 1.0 A/formic acid + 1.0 A/sodium formate (1:1; pH 3.3), 
Sj = aq. 1.0 A/sodium formate (pH 7.65). 
Stationary phase 
The following layer materials were used as stationary phases: 
(i) Silica gel G (unimpregnated) 
(ii) Silica gel G impregnated with 0.1 and 1% aqueous solutions of potassium, 
sodium, strontium and cadmium chlorides; silver nitrate and lanthanum 
oxide. 
Preparation of TLCplates 
(a) Impregnated TLC plates were prepared by mixing silica gel G with an 
aqueous salt solution of required concentration in a 1:3 (w/v) ratio. The 
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resultant slurry was mechanically shaken for 10 min, after which it was 
coated onto glass plates with the help of a TLC applicator to give a layer 
of 0.25 mm thickness. The plates were air-dried at room temperature and 
then activated by heating at IOO°C for Ih. After activation, the plates were 
kept in an air-tight chamber until use. 
(b) Unimpregnated silica gel plates were prepared in the same manner as 
described above; the only difference was the use of double distilled water 
instead of salt solution for the preparation of slurry. No additional binder 
was added in any case. 
Procedure 
About 0.01 ml test solution was spotted on the activated TLC plate. The spots 
were air-dried and the chromatograms were developed allowing the solvent to 
ascend upto 10 cm from the point of application in all cases. After development, 
the chromatograms were air-dried at room temperature and the spots were 
visualized using the appropriate reagent. /?^ (7?^of the leading front) and R^ (R^ 
of the trailing front) values for the detected spots were determined. The Rp[Rp 
= ( R^+ Rj.) / 2J and A/?^( A/?p= mean R^, on unimpregnated silica gel for a 
particular ion minus R^ on impregnated silica gel for the same ion) values for the 
ions were calculated. 
To achieve ternary separations, equal volumes of all three salt solutions 
were homogeneously mixed and 0.01 ml of this mixture was spotted on the TLC 
plate. The plate was developed as described above and the separated ions were 
visualized using the appropriate detection reagents. 
RESULTS AND DISCUSSION 
The important aspects of this study are: 
(a) use of various metal ions-impregnated silica gel layers {i.e. surface 
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-modified silica layers) as stationary phases, 
(b) comparative sorption studies of heavy metals on the impregnated layers, 
(c) separation potential of these surface-modified sorbent layers. 
Silica gel and alumina used in TLC are porous systems. Surface active-
centres of alumina are hydroxyl groups and oxide ions, whereas siianol groups 
(^Si-OH) at the surface of silica gel represent sorption-active centres. Selective 
interactions of the species to be separated take place at active sites on the silica 
gel to provide chromatographic separation at or near the surface within pores. 
Forces that effect surface interactions include hydrogen bonding, dipole-dipole 
and electrostatic interactions. The intensity of these forces depend on the number 
of effective siianol groups. The siianol group is weakly acidic and immersion in 
an aqueous salt solution enables cation exchange to take place: 
M"* + m(-SiOH) . ^ '^ M(OSi-)„"-'" + mH^ 
Thus, a metal ion can be introduced into the silica surface in order to achieve a 
surface-modified sorbent layer of altered selectivity. 
Silica gel layers impregnated with cadmium chloride bear no practical 
utility as the impregnant co-migrates with the solvent front, lanthanum oxide 
impregnation results in the formation of badly tailed spots of heavy metals. Layers 
impregnated with chlorides of sodium, potassium and strontium give better 
results. However, the mobility of metal ions was almost identical on layers 
•impregnated with sodium and potassium chlorides. 
Results of this study have been summarized in figures 2.1 (a, b, c) and 2.2; 
and tables 2.1 and 2.2. In figure 2.1, A^,- val ues obtained with 1.0 h/i sodium 
formate as eluent are plotted. Positive values in most of the cases are 
indicative that the impregnation modifies the surfaces of conventional sorbents 
Footnote for Fig. 2,1 
Broken lines indicate layers impregnated' ,with 0.1% aqueous 
i } ' ;^. - . '' • f ' J r •--
solutions df. IgOithanum; 'oxid^/ uraijyl nitrate and; s i l v e r nitrate; 
solid lit%s ',:^ndicate layers Impregnated with '0.1% aqueous ^ 
solutions, of chlorides of ' sodium, * cadmium and strontium, in 
fig. 2.1 (a, b and c) respectively. 
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METAL IONS 
2» Bi3* ThA* 
- ^ 
Fig. 2.1 A R „ VS Metal Ions In l.OM Sodium Formate Solvent 
System. 
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to provide more selective sorbent phases. 
To understand the effect of impregnant concentration on the mobility of 
metal ionr A/?^ ( A/?^ on 1% impregnated layers minus A/?^on0.1% 
impregnated layers) values were calculated and are presented in table 2.1. The 
negative A/?^ values in most of the cases indicate that 1% impregnated layers 
are more selective than 0.1% impregnated layers. However, the spots were 
compact and easily detectable on 0.1% impregnated layers. Hence the detailed 
investigations were carried out on 0.1% impregnated layers. Some of the, 
experimentally achieved separations, have been summ.arized in table 2.2. 
The results of mobility of metal ions at different pH values of mobile 
phases, using 0.1% NaCl impregnated silica layers as stationary phase, are 
summarized in figure 2.2. An observation of this figure reveals tha: generally R^ 
decreases with the increase in pH, this may be due to the competition between H* 
ions and metal cations to adsorb on the silica surface. However, AV* has minimum 
R„ at pH 7.65. No effect of pH, on the mobility of ?h^\ VO *^ and Ag* was 
observed. 
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u. 
a: 
«Mn 2* 
Fig. 2.2 Mobility of Metal Ions at Different pH on 0.1% NaCl 
Impregnated Layers. 
— • — indicate compact spots (R, - R^-CO.S) 
—'*'— indicate tailed spots (R - R „ > 0 . 3 ) 
LI I 
-^— indicate badly tailed spots (Rj^  - R^> 0.4) 
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CHAPTER - III 
ANALYSIS OF TOXIC METALS IN 
ENVIRONMENTAL SAMPLES 
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Our earlier studies (1,2) showed that silica gel layers impregnated with inorganic 
salt solutions are more selective for cations and provide better separation 
possibilities than untreated silica gel layers. In continuation, we have now 
developed a new sorbent phase for thin layer chromatographic analysis of heavy 
metals, by impregnating silica gel with 0.1% aqueous thorium nitrate solution. 
The resulting sorbent phase is examined for its possible use in the analysis of soil, 
seawater, riverwater and industrial wastewater. 
Thin layer chromatograhy has become a popular technique in environmental 
analysis (3). Though it has been widely used for the analysis of organic pollutants 
(4-6), its use in the analysis of inorganic pollutants is less extensive. However, 
it is successfully applied in the characterization of hazardous wastes (7), 
determination of heavy metal content of water, aquatic plants (8), and industrial 
sewage(9). TLC in combination with spectrophotometry has proved as a reliable 
and cost-effective analytical tool for quantitation of metal ions present in 
different matrices (10-12). 
Though zinc is an essential trace element in human physiology, when high 
concentrations are taken in single doses, zinc poisoning is caused. The symptoms 
are dizziness, vomiting and diarrhoea. Hence the lowest permitted value of zinc 
in drinking water was set as 5|ig/ml by WHO and EPA (13). Toxicity manifestation 
depends on the speciation, concentration and route of administration of zinc. 
Major problems of zinc toxicity is the one following haemodialysis. Zinc 
contamination of dialysis fluids from adhesive plaster used on haemodialysis 
coils, or originating from galvanized pipes lead to zinc toxicity (14). The toxic 
syndrome is characterized by anaemia, fever and central nervous system 
disturbances. 
Owing to the significance of zinc in human and plant physiology, the 
present study is taken up for quantitative estimation of zinc in riverwater, 
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seawater, soil and electroplating wastewater with its preleminary TLC separation 
from Cd^ ^ and Hg^^ The effect of pesticides on the separation of metal ions has 
also been investigated in order to make the proposed method more purposeful. 
EXPERIMENTAL 
Apparatus 
A TLC applicator (Toshniwal, India), electrical balance (Varbal, India), electrical 
centrifuge (Remi, India), pH meter Model LI>10T (Elico, India) and 
spectrophotometer Model CL-24 (Elico, India) were used. 
Reagents 
Silica gel G (E. Merck, India), thorium nitrate (Riedel De Haen, Germany), 
sodium formate (S.D. Fine Chemicals, India), dithizone (BDH, India) and carbon 
tetrachloride (Qualigens, India) were used. All other reagents were also of 
analytical grade. 
Test solutions 
The test solutions (1%) were chloride, nitrate or sulphate salts of cadmium, 
mercury,zinc, nickel and thallium. Double-distilled water having a specific 
conductivity (K) of 1.5 x 10* ohm' cm' at 25°C was used to prepare the test 
solutions. 
Alcoholic solutions (1 %) of malathion, carbaryl, carbofuran, bavistin, 2,4-
dlchlorophenoxyacetic acid 2,4,5«trichlorophenoxy8crtic acid were used to study 
the effect on the separation of metal ions spiked in distilled water. 
Sodium or potassium salts (except ammonium thiocyanate) of chloride, 
bromide, iodide, chromate and molybdate were used to study the ionic effect on 
the separation of zinc from other metal ions. 
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Detection 
The following detection systems were used: 
(i) dithizone (0.1%) in carbon tetrachloride for Zn** and Cd^ *; 
(ii) hydrogen sulphide gas for IV and Hg^ * 
(iii) ale. dimethylglyoxime (1%) for Ni^ * 
Mobile phase 
A 1.0 A/ aqueous solution of sodium formate (pH 7.65) was used. 
Stationary phase 
The stationary phase was silica gel impregnated with a 0.1 % aqueous solution of 
thorium nitrate. 
P'^eparation of TLCplates 
A.queous solution of 0.1% thorium nitrate was used for impregnating silica gel. 
The method for the preparation of TLC plates is same as described in chapter-ll. 
Preparation of spiked water 
k lOO-ml aliquot of distilled water was spiked wi:h 250 mg each of zinc, 
cadmium, thallium and mercury salts. ThepH ofthis solution was adjusted to 3.0 
using dilute hydrochloric acid. Hydrogen sulphide gas was passed through the 
solution till the metal ions present in this solution were completely precipitated. 
But it was found that zinc could not be precipitated at pH 3.0, The precipitate 
was washed with distilled water, centrifuged and dissolved in the minimum 
possible volume of concentrated nitric acid followed by dilution to 100 ml, using 
distilled water. 
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Preparation of spiked industrial wastewater, seawater, riverwater 
and soil 
A 100-ml of each sample of industrial wastewater, seawater or riverwater 
(collected from Link. Lock Industries, Aligarh, India; Anjuna beach of t ie Arabian 
Sea, Goa, India; and from river Ganga, Rajghat, India) were spiked with 333 mg 
each ci zinc, cadmium and nercury salts to give a 1% solution. The pH values of 
spilcjd industrial wastewater and seavater were 1.5 and 8.3 respCw.ively. o.Ogm 
of sieved, washed and dri^d coil was spiked with 1.0 tf.' ^ach of Zi., Cd and Hg 
standard solution (1%). The soil was dried at room temperature. The n.etal ions 
were eluted with 10 ml aliq^iot of 0. i A^H^SO^ and the ^.lucii; was used as sample 
for spotting onto ,he TLC plate. 
Preparation o'spiked samples for the recovery ofZn^* 
2.0 gms of the sieved soil was washed three times with 10 ml aliquot of double-
distilled water, filtered and air-dried at room 'emperature; to remove any traces 
of water, it was heated at lOO^C iri I'.ie ovef; for Ih. The soil sample was spiked 
with 1.0 ml of standard zinc solution containing 10 mg of Zn^^ The spiked soil 
was completely dried at room t- nperai and the zinc was eluted from the soil 
w'th 10 ml aliquot of 0.1 K4 t^pD^anti ucis^rip-ined by spectrophotometry. 
For the recovery of zinc from water samples, 100-ml volume of seawater 
and riverwater were spiked with 0.4399 gm of ZnSO^.VH^O to give 1 O^g of Zn-V 
0.01 ml. 
?tocedure 
Qu ''native separations: About 0.01 ml of the test solutions (spiked water, 
t .a ,. ^ otev. "r, seawater, riverwater and spiked soil eluent) were spotted 
separate^ onio the actu^icd TLC plates. The spots were air-dried and the 
chroma-ogr^ms -vere develope'^ allowing the solvent to ascend up to 10 cm from 
the poin*. of application in all cases. After development, the chromatograms were 
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air-dried at room temperature, the metal ions were visualized, using appropriate 
reagent. The R^ and A R^ values t^r the ions "vere calculated as described in 
chapter--11. The standard deviation in A'^ . ^ SiCes was also calcuiaie^ jsing the 
formula 
S.D. = 
/; 
where x is the inJividual ^^value, x is the mean /?_value and // is the number of 
observation;: made for each metal ion. 
-'-• the effect of pesticides on the separation of metal ions present in 
oiked water was spotted onto the TLC plate followed 
'jsticide solution on the same spot. The plates were 
jdiuni formate, dried and :he spots were visualized, in the 
''•ar'ier. Tl'.e .""^vaL^s of the separated r te ' ; ' lo-.s were 
wirand compared with those obtained in the -bsen^e of p-^s'Iciies. 
Anion -effect on the separation of Zn^* - Cd-* and Zn-" - Ni'* was ^x?.n;ined 
by mixing 1% anionic salt solution with l%ZnandCd/Ni salt solutions in i..e ratio 
2:1 ;1 respec.ively, and 0.01 ml of this mixture was spottv, onto ;" z "LC plate. 
The y?^values of Zn, Cd and Ni so obtained were co..ipar;d with t'.iose obtained 
in the absence of anions. 
To study the pH effect of sample solutions on Zn=^  - Ni^ " a.id Zn-"- Cd=" 
separations, 1% aq. salt solution of zinc and cadmium/nickel were ,Tixec i:: equal 
volumes and their pH was adjusted to the required level, either ty adding few 
drops of dilute hydrochloric acid or sodium hydroxid:; so.-., DP.. ?ixed volumes 
ainedsai">.plfcsol'".iions .vere spottedonto •'.'^TLC 't)!itefr.d developed. 
The Rp va!i;es werft calculatec' after visualiiaticr.. 
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The limits of detection of Zn^\ Cd^\ Hg^* and TV were deternined by 
spotting 0.01 ml cf the concernej salt solutions of different concentrations onto 
th- TLC p'ates, which were developed in 1.0 A^ sodium formate, ari. the spo:s 
were visualized I'sing the appropriate t'etector. This was repeaset v/iti. succ:;ssive 
reduction of the concentration of salt solution until no detection was possible. 
The procedure was rer>'»-">' '.hree t^mes for each cation. The amoun; of salt just 
detecrr.ble in the solution wd' taken uS'^ h'^  detection limit. 
^^  '•o*^-..-,v;- ' " " *:;;.'i7?/£?/; of Zn^* 
"^ the TLC plates followed by spotting the 
vere developed in 1.0 A/sodium 
te the position of zinc by 
l^. tc Zn-* was sc-aped 
' from he ads^:bent i.si:.3 0.1 M 
. .^ij.-. ..ory funnel 5.0 rMl of "cetate 
. Ib-Zo sodium tJ'iiosulphats sui.„u^n were 
..porously Tor 2 min. with 5.0 ml of 0.001% 
\ 
"^he ahsorhUn^e of zinc dithizonate was 
.^rt.iK prepared in the identical manner. 
- ' \ •'loped method is foplied to determine zinc in the electroplating 
••' ' •-' V .cu iiom i. . ' ctroplating unit of Link Lock 
«r> - itfcj :ts c<..fo.udiugi«phic separation from nickel. For 
'' ^" ml of the i'ndi'strial wastewater was directly spotted onto the 
' , ..sd '"^e zinc content present in the sample was determined following 
,1 ^'-vd o'- '''• -rih->j above. 
RESULTS A, Ti DISCUSSION 
'ution of thorium nitrate, cation 
d silica gel to give a sorbent phase 
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of altered selectivily. 
Th*^  + 4 (-SiCH) ^ Th (OSi-)^ + 4H^ 
'~*Mtf"— ' T'' n ' \ ' t -r,;,. . ' • -,. ;^ _^  lie parameters for 
.^ ,^ .ji. . „t .Ju«-. .o LO .3idu> . . -hange process. 
,'u k au^:a v, w. .!.; use of this tiw/ly developed suj^vi.i phase 
J no 
Known amount of Zn^ * w?" 'csded cniu . 
'•'me ofCd^*, Hg^*or Ni^ *?.nd the plates \ ' spiked w^.ei, «. J the effect 
To stuuy i-
-.nc r.-I -'-.jltaneouly to loca. 
spiked water, 0.01 ml of 
"jtion. The'Mi—corresponding • ; -f industrial 
by spotting of 0.02 ml of pt 
' • ',, '.vao uiuUa J 
developed in 1.0 A/ sr 
.. . ••'"•g zinc):na-^--l^r nsepara • .. ofZ-^ ^^ "rom 
'^anner as descr.beo 
. . , - / - ' - •••- ii^'o^" . . .a tig-*, 
determin'*'' 
.- ...«, ol.aken vi , J Cd - Zn at different pH levels 
dithizone in carbon tetrachloride (15). i.. 
measured at 530 nm against the reagent hi"'"- paration from Cd-*, Hg^ ^ 
^try, 
... -. „jiknown am.cupt jf rinc in 
electroplating-.a .u. . , , . minary "^ LC separation from nickel. 
Tke positive t ^^vaiues (t:;ble 3.1) show that tht impregnated silica layers 
are more selt^, viv n 4,,, i,;iicc hyers. Chin layers prepared from 
impregnaijd s! - ' ""lUy \-::-"ding well formed and compact 
spots fo^ j the caticiis c-^ozr-i^ -^—.^ hed The Hcvelcpment »'••"'» ^^'-'-.romatogram 
for a lO-cm run w^s''"^n^i- "^ he h/< .^(hiv^=/?pX ibC) and A/^ ^ "•''ues reported 
a:<e. the - ^^ ^ * <; mixed with an aqueous soi. ''nvn "'• " ''- 3. are 
indi^a'/ .' 7 -"»th** surface of hydrate ^loi ...iciogram 
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Table 3.1 
h;?^(/?^.s iOO), Stand?rd Dl/iatio.i ;n J?^ ^ A.?^.r„nd DwS^ctior. ..imits -^ f lVle^ «aI 
Ions Pret,^ni in S.andard S'.^ .^ iple Solut:5/.is, Cluosiv&'.oj^i -phed o n ' 9 , 1 % 
Thcri jni N i t r j . ;..p.egna.eJ o . 'c/l-i-yers, UsJ.ig ' . ^ M Sc:".'.:nv F . ..late 
3« El'jent. 
Sample No. I/.e.allon h7?^  S... . : - i ? ^ A/?^ Dslecikin. Limit (,yg) 
1 ill:-' 11 0.C047 +0.76 e.23 
2 Cd-* 79 0.0124 +C. :5 6.13 
3 TV 56 0.014^ +0.15 7,68 
4 Hg-- 93 0.0047 +0.04 7.40 
T, Jh: 3.7 
/^n-Cd-Hg-Tl N.ixt^re S c ' ^ a l . J , Ciiromaiosiaph:,. -^ .. C- .' ' ' "' 
Nitrate-Inipregn;{»ted Ci'L Layers usf:-^ i.O A/Soc*' L _ ., .... ^lUen* 
fvictal 
ion 
Zn^-
Cd=* 
Hg^' 
Tl-
Spi kcc 1 industiii" 
wasievvaf^r 
^^ 
11 
D-1 
90 
NS 
s.r. •,./?^ 
0.017.4 
0.0124 
0.009-; 
NS 
sp; 
S".'." 
hR, 
10 
79 
96 
NS 
'i'.G': 
i/atei 
S.C. ;n 
0.0094 
0,0?24 
0.0C94 
NS 
_^ ^ 
Sprke 
water 
^% 
ND 
81 
93 
36 
d d i s ' ' 
S.D. in 
m 
0.0124 
0.0047 
0.0286 
/ ^ 
Zrj: 
ific 
h/?, 
ND 
83 
95 
52 
:^d (•JstiUed --'.cr •". 
presence c*"; ' ';:':ide 
S.D. in R, 
r 
ND 
0.0170 
0.0124 
0.0356 
NS = Nol spiked; ND = not dctcclcd. 
64 
separation ofZn-*, Cd-\ H"-' - -'' f. om their synthetic mixture. 
D? .:rr^ upon ths "esults show 
ecira" ' i.."e applicability of the ; . :)po;:£' 
cc'_ aining zinc, cadmium, lh::i;iur.". zui, 
ide.,lii^f"*and se33.'£:cd (tabL 3.2). li .-
/ 
zinc is not prccipiict^d 'ay fiyciogr.n s 
I'-qu^ Q Thf. presm.ce cf pesticides in L... ^-a, 
..lempt was 
" z p i k i 
, , • ' 
... :o to 
sd •vater 
;ps ve'^e 
. '3 .0 
.'-nt 
\ 
effect eiiuer on th'. separr.vion o. crt the/^^v?' ,^(„. . . . . . .^ , ,3, ,., , « ".^ m 
table 3.2. 
As good r3*;u!ts were obtained Iked v-^'ir (Fig. 3.1),-
VV5 made l:ccor5'schrom£":opr:. , . , s ^ . ' " •''^nvi'onineiita! 
san.ples, (in'* JiiriclwaEtev.T . . ? - . | .. , .•^..^.. ,:eits 
practical utility. .; is-.v:c..m . ;:?.;-, ". 1 , - . „ , „ . . . Z^-,, 3S (3. i, 3.2) >:hat 
the'proposed chromatographic system is w " - '"'-d for the anaiyiis of toxic 
metals in environmental samples. 
Presence of er.ior.s (halides, CrO/> w r.per the 
separation of Zr,-" fror.^  'HT\ Cd.-'or : .^•^L,,p^^* \ „ . . i ^ . ..:d for the 
reason ihat, i-h-y lire generai.''y pi'.>-;.."- ,:>. :.. .i-,,-. . ..3tal ;jonshing and 
electroplating units 
Fig. 3.3 reveals that as the pH of saniple solution increases, tailing in Rj, 
values of Zn-^ decreases, producing more compact spots at higher pH values. Zn-' 
could not be (^ftected ir^the szi.-.pie so.'u'.ior hr^ving pr. 0.5. The/J^values of Ni-' 
and. Cd-" remain afmosi constant o.'t. the -. '.re \,.\ rar.ge (0.5-! 1.5) However, 
at 11.5 the dejection of Cd-* wa: difficult. The optimum pH range for better 
separation of Zn-* from C'J-* or j "-" wa: 3 5 to 6 5 
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U III 
Mb 
Fig. 3.1 Separation of a mixture of Zn, Cd, Hg and Tl. 
(I) Separation In standard sample; (II) separation 
in spiked industrial wastewater; (III) separation 
in spiked sea water; (IV) separation in spiked 
dist i l led water; (V) separation in spiked dist i l led 
water in the presence of pest ic ides . 
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Table 3.3 
Separation of Zn-Cd-Hg,Chromatographed on 0.1% Thorium Nitrate 
Impregnaied Silica Layers, Using 1.0 A/Sodium Forrtiate as Eluent 
Metal 
Zn 
Cd 
Hg 
Ni 
Spike 
hR^ 
11.5 
81 0 
96.5 
NS 
:d riverwater 
S.D. inR^ 
0.0034 
0.0024 
0.0276 
-
Spiked soil 
h/^. 
12.0 
80.0 
98,5 
NS 
S.D. in 
0.0048 
0.0127 
0.0085 
-
/^, 
Electroplating 
wastewater 
16.5 
ND 
ND 
85.0 
S.D. in / ^ 
r 
0.0246 
-
-
0.0032 
NS = Not spiked, ND = Not detected 
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Fig. 3.2 Separation of a mixture of Zn, Cd and Hg in spiked 
riverwater (1) and spiked soi l C2); Separation 
of Zn and Ni in rea l sample of e lectro- plating 
wastewater (3 ) . 
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Fig. 3.3 Separation of a mixture of Nl-Zn and Cd-Zn at 
different pH levels . 
Symbols as in fig. 2.2. 
69 
The calibration curve constructed for spectrophotometric determination 
ofZv.^*, obeyed the Bec-'s law in the concentration range of 1.0 to 1 8,0 |ag of Zn-' 
per 10 m!. 
/»fteL- the chromatographic separation of Zn-" from Cd^\ Ni-* or Hg-\ its 
recovery 'vas ex^.r.insd spectrophotometrically. From the results, given in table 
3.4, it is ev" J^nt ;hut this method allows the determination of Zn-* in the presence 
"^Cd-*, Ni^ ^ or '^z^\ with an average relative error of ± 4.68% and an average 
ai.^ j ; , ' ' •' of 3.168. The data tabulated in table 3.5 shows that this 
. ,...ov , V ! ^ or the recovery of Zn^ '^  from different environmental sam^'es 
(3eawa-;er, rivef-'Rler and soil). In riverwater, Zn-^ was recovered with a relative 
error of "5.71% to "8.5% and standard deviation was 0.1414 to 0.20. The 
results in seawater shows a relative error of-4,28% to -5,71%, However, the 
percent recovery of Zn^* in soil was only 78% to 84% this may be attributed to 
incomplete eiution of Zn-"^  from soil particles. 
As sat'sfactory -esult: were obtained in the case of water samples, we 
.•JV\\^d this method ^or the J e * " ' 'nation of :;n'; p-esent in reel sarnrle cf 
. .. ^-. o '<v23:ew.ater, .':>. "'O," *"." 'og'^aphic separation fr^:n nicke". 
•ectropiating wastewater ." .-'••"; -'as fcmd *c conta'n 0.68 g -^^ '".. of zir^ c 
with a sta.idard deviation .^fCIC i?, .he "eading:. 
Thus, the crcpc"*""' r ' i c~~ 'a reconrirrcnded for monitoring zinc in 
- -Dies, wiihou: t':e:. tirf ' .snc : -fCd^*, Hg'\ Ni=% CrO/ ' , i / . O / ' , JCN' 
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Table 3.4 
"photoniciiic Cetermination of Zn^* After its TLC Separation from 
Different / .mount : of Cd^% Hg^*or Ni^ * 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
!3 . 
14. 
15. 
16. 
17. 
18. 
Amount 
ofZn=* 
loaded 
(Mg) 
10 
10 
10 
10 
10 
10 
10 
10 
10 
6 
6 
6 
6 
6 
6 
6 
6 
6 
Amount 
of foreign 
ion loaded 
(mg) 
Cd2^.0.25 
Cd^*-0.50 
Cd'^ - 1.00 
Ni^ ^ - 0.25 
Ni^ ^ - 0.50 
Ni-* - 1.00 
Hg'^ - 0.25 
- 3 
Hg-*- 1.C2 
CJ-^-0.25 
cd^ ^ - o.:c 
Cd=*- 1.00 
r'i-^ - C. ,: 
Ni-^ - 0.50 
Ni^ ^ - l.CG 
. :g '^ .0 .25 
Hg=* . 0.50 
Kg-^- 1.00 
Amount 
ofZn-* 
recovered 
(Mg) 
9.5 
9.6 
10.6 
9.2 
10.3 
10.3 
9.6 
9.7 
10.5 
6.3 
6.4 
6.4 
5.8 
6.2 
6,0 
5.8 
5.8 
5.6 
Standard 
deviation 
O.IOOO 
0,1414 
0.1225 
0.2000 
0.1000 
0.2828 
0.1225 
0.1414 
0.1000 
0.2236 
0.1581 
0.0707 
0.2162 
0.1414 
0,1414 
0,2<49 
0,K14 
0.2828 
Relative 
error 
-5% 
-4% 
+6% 
-8% 
+3% 
+3% 
•4% 
-8% 
+5% 
+ 5% 
+6.67% 
+6.57% 
-3.37o 
+3.3% 
0.C% 
•3,3% 
-3,3% 
-6,67% 
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Table 3.5 
Spectr"'"~*'^ tcmetric Determination of Zn^ * After its TLC Separation from 
1.0 .-?,g T Cd^ % Ni^ * or Hg^ *, in Different Environmental Matrices. 
S . 7'^ 
spiked 
'^jverwa^er 
Swaw"ter 
/jr.ount 
•::Zn^* 
!ed 
' • ' . D 
>;-.o 
1,0 
14.0 
r-.o 
K.O 
:o.o 
.:.o 
l O . O 
Fore 
ion a 
Cd^^ 
Ni^^ 
Hg^^ 
Cd^^ 
I^ ri2* 
- .-gz. 
Cd^* 
' t;2* 
ilg^^ 
ign 
dded 
Amount 
ofZn^^ 
recovered 
(Mg) 
12.8 
12.8 
13,2 
13.2 
13.0 
13.4 
8.40 
7.80 
8.00 
Standard 
deviation 
0.2000 
0.3162 
0.1414 
0.2449 
0.3740 
0.2449 
C.6480 
0.6780 
0.3160 
Relative 
error 
-8.50% 
-8.57% 
-5,71% 
-5,7!% 
-7.14% 
-4.28% 
-16% 
-22% 
-20% 
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CHAPTER - IV 
MICROGRAM DETECTION AND 
SEPARATION OF METAL IONS 
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In recent years interest has been growing in thin layers of surface-modified 
sorbents (1-3) or impregnated with organic or inorganic substances. The 
impregnating agent: frequently used in TLC include non-polar liquids, complex-
forming organic ligands and substances capable of a defined change in solubility 
of the analyte in liquid stationary phases or capable of adjusting their pH, 
Thin-layers impregnated with organic ligands have been widely used for 
the separation of metal ions (4-6). Conversely layers impregnated with inorganic 
salts (Zn, Cd, or Mg) have been utilized for the separation of organic substances 
(7, 8). The complex-forming capability of Ag* with Tt-electron systems has been 
exploited for separating triglycerides (9), chinones (10) and fatty acid derivatives 
(11). Surprisingly, only a few references (12-14) are availabe on the use of silica 
gel impregnated with inorganic salts for the separation of metal ions. On the other 
hand, aqueous inorganic salt solutions have received considerable atteniion as 
eluents in TLC of inorganic substances (15-20). Berger et al. (21) have used 
lithium salts and ammonium lactate as eluents for the separation of alkali and 
alkaline earth ions. 
Oi'.r recent siudie: on the TLC of inorganic ions demonstrate the advantages 
of formate-containing eluents (! 2, 22, 23). In the present study an effort has been 
made to employ Li* in the stationary phase rather than in the eluent. As far as we 
are aware it is the first attempt to use Li'-loaded silica gel or alumina for 
microgram detection and separation of inorganic ions using formate-containing 
eli!ents. 
EXPERIMENTAL 
Apparatus 
Apparatus, test solutions and detection reagents were same as described in 
chapter-II. 
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Reagents 
Silica gel G (Qualigens, India), alumina (CDH, India), lithium chloride (Loba 
Chemie, India), sodium formate (S.D. Fine Chemicals, India) were used. All other 
reagents were also of analytical grade. 
Mobile Phase 
S, = aq. 1.0 A^ formic acid (pH 1.8) 
•Sj = aq. 1,0 AY formic acid + aq, 1.0 M sodium formate (1 : l ,pH3.3) ; 
Sj = aq. 1.0 A/sodium formate (pH 7.65) 
Stationary Phases 
(a) plain silica gel; 
(b) si'ica gel impregnated with 0.1, 0.5, 1.0, 2.0 and 5.0% aqueous solutions 
of lithium chloride; 
(c) plain alumina; 
(d) alumina impregnated with 0.1 and 1.0% aqueous solution of lithium 
chloride. 
Preparation of TLCplates 
(a) Plain silica gel or alumina plates were prepared a&described in chapter-II. 
(b) Impregnated TLC plates were prepared by mixing silica gel G or alumina 
with aqueous lithium chloride solution of the required concentration, in 
1:3 ratio (w/v). The remaining method of the preparation is the same as 
described in chapter-II. 
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Procedure 
Sample application, development of chromatogram and measurement of R,, 
values; as described in chapter-Il. 
To study the counter-ion effect on R^ values, 0.01 ml cation solution was 
spotted on the chromatogram followed by 0.02 ml anion solution on the same 
spot. The plates were developed in 1.0 A^ sodium formate, dried and spots 
visualized. /?_ values were determined. 
r 
After sample application, TLC plates were developed in \.0 M sodium 
formate, and the limits of detection of cations were determined in the same 
manner as described in chapter-II. 
RESULTS AND DISCUSSION 
The main features of this study are: 
(a) use of HCOO'containing eluents, 
(b) use of Li"^  impregnated silica gel and alumina layers as stationary phases 
and 
(c) effect of both cations and anions on the separation of Cu-" and Cd^* 
from other metal ions. 
Eluents containing HCOO' icns have found interesting applications in ion-
erchange chromatography (24,25), however, their use in TLC is lacking. Recent 
publications (22,23) reveal that a^.ueous solutions containing formate can be 
advan.ageous in the separation of inorganic ions. 
V/hen silica gel is mixed with an aqueous solution of LiCl; 
S\C-:V + L\^ V Si-O-Li'+ H' 
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The majority of applications of alumina in TLC are based on adsorption 
mechanisms. On account of the high density of hydroxy! groups (average density 
= 13^ moi m'^), alumina tends to adsorb water from the air and become 
deactivated. This affects the reproducibility of analytical results, therefore 
surface-modification not only improves selectivity but also reproducibility. The 
hydroxyl groups on alumina undergo cation-exchange in much the same manner 
as on silica surfaces. 
The results of the present study are summarized in figures 4.1 - 4.3 and 
tables 4.1, 4.2a, 4.2b and 4.3, Thin layers of LiCI-impregnated silica gel or 
alumina were of good quality. The development time ranged from 15-20 min 
depending upon the composition of the mobile phase. The efTective levels of 
impregnation were 0.1% and 1.0% for silica gel and alumina respectively. 
Fig, 4.1 illustrates the dependency of/^ ^ values of metal ions on the degree 
of impregnation from which it is evident that, in general, the compactness of spots 
is greater on 0.1 - 0.5% impregnated silica gel compared to higher levels. Silica 
gel v/ith 0.1% LiCI was therefore selected for detailed study. Of the solvent 
systems tried, 1.0 M sodium formate and 1.0 A^ formic acid + 1,0 A^  sodium 
formate (1 : 1) provided better separations. Mid/^^. values of UO,-' (0.6) and Cu-' 
(0.46) on 2% LiCl layers in 1.0 M formic acid and l.OAY sodium formate 
respectively permit ternary separations. These separation possibilities arise due 
to (a) complex formation of the formate ion with metal and (b) the enhanced 
I'^lectivity ofLiCl impregnated layers tov/ards metal ions, Qureshi elal. (26) have 
ob.'-e'-ved tliat W0-\ Fe^*, \J0^-\ Cu-^ and Pb^" form neutral complexes in 2 - 4% 
formic acid v,/hereas these ions form positively charged complexes in 8 - 10% 
formic acid. However, in sodium formate, (2 - 10%), Fe^\ UO,-" and Cu^" exist 
as neutr?! complexes. The higher A'^values of some ions {C\r\ Th"*", V0-* and 
Zn= )^ en 0.1% l.jCl layers ( Fig. 4.1 ) in 1.0 M HCOOH compared to 
1.0 M HCOONt :.iay be attributed to :he presence of large number of H* ions 
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or 
l.OM H C O O H 1.0M MCOONA l.OM HCOOH* l .OMHCOONadl ) 
u. 
a: Mn 2« 
T h 4 -
u. 
ct 
05 10 2 0 5 0 0.1 0.5 10 2.0 5 0 0.1 0 5 1.0 2 0 5 0 
DEGREE OF IMPREGNATION (•/.) 
Fig. 4.1 Mobility of Metal Ions on Silica Gel Impregnated with various 
Levels of LlCl. 
Symbols as in Fig. 2.2 
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which compete with the cations/metal complexes for sites. Fig. 4.1. shows that, 
generally, R values decrease with increasing impregnation. Some ions show 
almost constant mobility at all impregnations. 
A/^^ values (R^ on plain silica or alumina minus R^ on impregnated silica 
or alumina) in Fig. 4.2 demonstrate how the selectivity of silica or alumina altered 
on impregnation with LiCl. In S, the impregnated alumina is more selective than 
plain alumina for most ions as indicated by positive A/^^values. Conversely, plain 
silica layers are more selective compared to impregnated layers as evidenced by 
negative A ^ ^ values. In Sj all ions show almost the same mobility on both 
impregnated and unimpregnated alumina. In the case of silica gel, the negativeA/^^ 
values for most ions indicate the effect of impregnation. In S ,^ impregnated silica 
gel shows greater selectivity towards V 0 - \ Cu-", Zn-' and Pb*' whereas Hg-' 
moves faster on impregnated alumina (A R^ = -0.68), 
Fig. 4.3 shows how the mobility of ions on impregnated silica gel (0.1 % 
LiCI) or alumina (1% LiCI) changes with the pH of the mobile phase. On 
impregnated silica R^ values decrease with increasing pH. The exceptions are 
N:^ "^ , Co-* and Hg^* which move with the solvent front regardless of pH. Ag" 
remained at the poinl of appli'^ation at all pH. /^ ^ values of mos: of the ions on 
impregnated alumina pass through a maxima at pH 3,3. 
A few separations of analytical interest are listed in table 4.1. 
To widen the applicability of the proposed method; microgram quantities 
of Cu-" and Cd^* have been separated from accompanying metal ions in the 
presence of numerous counter ions. To present a clear picture of the efTect of 
•anions on the separation of Cu^' from Zn'*, Cd=\ Ni=' and Fe'* and ofZn^' from 
Cd^*; some TLC parameters such as A R^as defined above, capacity faciC {K ), 
separation factor ( a ) ^nd reslution factor ( R^  ) have been calcalated 
(table 4.2a anJ 4.2b) I'sing the following: 
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<x 
<3 
a. 
1 OMHCOOH* 1 OM HCOONad 1) 
Silica P<>^' 
METAL IONS 
Alumina 
1 OMHCOOH* 1 OM HCOONa {1 1 
Alumina 
1 */. Impregnated 
0 IV. Impregnated 
Zn -^A9-^ .^ 2 
/ , . CO 
- - - I OM HCOONa 
1 OM HCOOH 
Cr207'"Co2' 
METAL IONS 
Fig. 4.2 ARp vs Metal Ions (In atomic number order) In Various Solvent 
Systems. Impregnation : 0.1% LlCl Silica, 1% LlCl alumina. 
Symbols as in Fig. 2.2 
Sihca gel i m p r e g n a t e d 
Wi th 0 1*/» i-iC> 
A lum ina impregna ted 
w i t h T / . L iCl 
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Ag» 
HQZ 
1 0 
0 8 
0 6 
0 4 
0 2 
0 0 
p 1-
^v " 7 
- \ ^ i ' ^ 3 -
\ e . 3 ' 
^ N ^ ^ 
1 
•^ n* 
.... J 
t 
u. 
0 5 
0 4 
0 3 
0 2 
0 1 
0 0 
N , 2 ' , C o 2 ' 
cr 
ACr207' 2-
Flg. 4 .3 . Rp Vs pH of mobile phase. 
Symbols as In Fig. 2.2 
Table 4.1 
Separations Experimentally Achieved on Silica gel G 
Layers Impregnated with 0.1% LiCI. 
Mobile Phase Mixture Separated* 
1.0 ^ F o r m i c Acid VO^* (.17), Zn-^ (.58) 
+ VO^M06), Cu-^(.61) 
1.0 M Sodium Formate VO^' (. 15), Co-^ (.91) 
(1 : 1) VO=M09), Ni-^ (.93) 
VO-M-IO), Cd-*(.87) 
Cu^M 33), Fe^^(O.O) 
Cu^M-SO), Co^^(.93) 
Cu^ * (.29), Ni^ ^ (.92) 
Fe'*(.03), Cu=^  (.70), Co^^ (.94) 
\.QM Sodium Formate Fe^' (0.0), Cu-* (.42), Ni-* (.92) 
Pb^^O.O), Cu=M.29), Ni=*(.92) 
Pb-MO.O), Cu='(.29), Co=M-94) 
Ag^ (0,0), Cu-^ (.29), Ni=' (.92) 
AgMO.O), Cu^^  (.29), Co='(.94) 
1.0 M Formic Acid Pb^* (0.0), Cr ,0 / - (.79), Hg=* (.97) 
Ag^ (0.0), Cr^O/-(.79), Hg-^M.97) 
* values in parenthesis refer to /^  of separated species. 
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(i) K' 
(ii) a 
\-R^ 
^r 
K'ofCd or Cu 
K of separating ion 
Ax 
(iii) Rs 
1/2 (d, + d,) 
Where AX = distance between centres of separated spots and d,, dj are 
respective diameters. It is evident from tables 4.2a and 4.2b that most anions do 
not affect the separations adversely. However, they cause slight changes in RpOf 
the separating metal ions. Separations of Zn-* - Cd-^ ; and Cu-* - Zn-* in the 
presence of ferro and ferri cyanides; Cu'"^  - Ni^ * in the presence of SCN' ; Cu^* 
from Cd^* and Fe^* in the presence of lOj' and 10^"; and Zn-* - Cd^* in the presence 
of MoO^^" were seriously affected by the complexing efTects of the respective 4 
anions. 
The data listed in table 4.3 indicate that the metal ions car be easily 
detected at trace level from their aqueous solutions on TLC plates. 
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Table 4.2b 
TLC Parameters for separation of Cd^* from Zn^* with 1.0 M 
Sodium Formate on 0,1% LiCI Impregnated Silica Gel Layers. 
Z n - C d 
Anions 
A/e^ ^'ca « Rs 
F ' o r C r 14 0.19 0.12 87.5 
Br" 8.4 0.07 0.005 48.0 
I" 8.7 0.14 0.015 48.3 
NO,' 18.2 0.09 0.004 134.8 
NO3* 12.2 0.16 0.012 65.9 
SCN' 11.5 0.08 O.OI 74.19 
VO3' I.O 0.09 0.07 5,3 
BrOj" 2.0 0.09 0.005 3.7 
IO3" 15.0 0.11 0.007 ^ 96.7 
10/ 15.6 0.09 0,005 96.7 
SO3-' 15.1 0.09 0.007 100.6 
TeOj-" 15.1 0.11 0.007 93.7^ 
W O / 18.0 0.11 0.007 120,0 
PC/" 12.4 0.14 0.007 88.5 
As03^' 15.0 0.11 0.007 96.7 
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Table 4.3 
Limits of Detection and Dilution, of Metal Ions on 0.1% LiCI 
Impregnated Silica Gel Layers using LO A/Sodium Formate Eluent. 
Ion Limit of 
detecton (ng) 
3 44 
2 26 
1 23 
1 27 
0 227 
6 13 
7 39 
7 67 
0 62 
2 10 
2 37 
Dilution 
limit** 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 9070 
4 4240 
8 1300 
7 8740 
4 4052 
1 6313 
1 3532 
1 3037 
1 6!29 
4 7619 
42194 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X lO"" 
X 1 0 ' 
X i O ' 
Fe'^  
Co=' 
Ni^ * 
Cd-* 
TP 
*U0.-' 
*In this case eluent was 1 0 A/formic acid 
**Dilution limit = 1. (volume of test solution x 10*) / Limit of detection (|ig) 
86 
REFERENCES 
1 J Sherma, ////. Lab., Jan/Feb 35 (1979) 
2 D Jonas, G Knupp, and H PoWmunn, Archiv Fur Leheiismitfc/hyf^tcne, 
34, 138 (1983). 
3 AM Siouffi, T Wawrzynowicz, F Bressoile and G Guiochon, J. 
Chromatogr., 186, 563 (1979) 
4 S P Srivastava, R Bhushan and R S Chauhan, / Liq. Chromatogr., 8, 
571 (1985) 
5 S P Srivastava and V K Dua, Z Anal. Chem., 282, 137 (1976) 
6 SP Srivastava and V K Gupla, Chromatographia, 17,496(1979) 
7 N V Rama Rao and S Tandon, J. Chromatogr. Sci., 16, 158 (1978) 
8 SP Srivastava, V K Dua, R N MehrotraandR C Saxena, J. (^hromalogr., 
176, 145 (1979) 
9 L Andreev, J. Anal. Chem. USS'R., 38, 871 (1983) 
10 R Kroppenstedt, GIT Lab. Med., 5, 266 (1982) 
11 F Den Boer, Z. AnaL Chem., 205, 308 (1964) 
12 N Fatima and A Mohammad, Sep. Sci. Techtiol., 19, 429 (1984) 
13 M Ajmal, A Mohammad and N Fatima, J. Liq. Chromatogr., 9, 1877 
(1986) 
14 M Ajmal, A Mohammad, N Fatima and J Ahmad, J. Liq. (^hromatogr., 
12, 3163 (1989) 
15 U A Th Brinkman, G De Vries and R Kuroda, J. Chromatogr., 85, 187 
(1973) 
16 J Sherma, Anal. Chem., 60, 74R (1988) 
17 J Sherma and B ¥ned (Eds ) Handbook uf Thin-Layer Chromatography, 
Marcel Dekker, New York, USA (1990) 
87 
18. W. Jost and HE. Hauck, Adv. Chrumato^r., 27, !29 (1987). 
19. U.A.Th. Brinkman, Trends Anal. Chem., 5, 178 (1986). 
20. J. Maslowska and Z. Mlodzikowski, Chemici Analilyezna, 31, 193 (1986). 
21. J.A. Berger, G. Meyniel and J. Petit, J. Chromalogr., 29, 190 (1967). 
22. M. Ajmal, A. Mohammad and N. Fatima, M/'croc/je/w. J., 37, 314 (1988). 
23. A. Mohammad and S. Tm&r\, Microchem. J., 44, 39 (1991). 
.24. M. Qureshi and W, Hussain, Talania, 18, 399 (1971), 
25. M. Qureshi, K.G. Varshney and R.C. Kaushik,/!//«/. C/jt^ /;;., 45, 2433 
(1973). 
26. M. Qureshi, H.S. Rathore and R.C. Kaushik, Anal. Chem.. 47, 1710 
(1975). 
CHAPTER - V 
SORPTION BEHAVIOUR OF 
HEAVY METALS ON LAYERS 
PREPARED FROM MIXTURES OF 
SILICA AND INORGANIC ION-
EXCHANGE GELS 
88 
A new edition of a handbook on thin layer chromatography (1) contains a 
comprehensive collection of research data on thin layer chromatography (TLC) 
of organic substances. It presents a clear picture of work performed on all aspects 
.of TLC during the last fifteen years. Silica gel (unmodified, chemically modified, 
and impregnated with organic liquids or inorganic salts) has been the layer 
material most favoured for the TLC of inorganic compounds, with some use of 
alumina, cellulose, cellulose derivatives, and synthetic inorganic ion-exchangers. 
Silufol, powdered glass, NaX molecular sieves, polyamides, chitosan, macrocyclic 
polyethers,and mixed sorbent layers (Kiesel gel G - chitosan, alumina - silica gel, 
cellulose - silica, etc.) have also been used, but to lesser extent. 
Continuing efforts are being made to change the selectivity of adsorbents, 
either by chemical modification or by impregnation with suitable organic or 
inorganic substances. Thin layer plates impregnated with organic ligands have 
been used to separate metal ions (2,3) whereas plates impregnated with inorganic 
salts have been used for the separation of organic compounds (4,7), 
More recently, silica gel impregnated with inorganic salts has been used 
for the analysis of metal ions (8,11). The use of synthetic inorganic ion-
exchangers as stationary phases (12,13) suffers from the limitations (i) that the 
preparation of the ion-exchanger is a time-consuming process; (ii) the resulting 
product is highly expensive because of its low yield; and (iii) preparation of layers 
without binder is difficult. 
Bearing in mind these difficulties we have devised an alternative means of 
developing a new class of sorbent phase applicable to the analysis of inorganic 
ions: ion-exchange gels have been blended with silica gel. The proposed method 
is a cost-effective and comparatively rapid means of achieving selective 
separations of inorganic ions. Studies performed on some newly prepared 
sorbent materials are presented. 
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EXPERIMENTAL 
Apparatus 
Aparatus used are same as described in chapter -II, 
Reagents 
Tributylamine (Fluka, Switzerland), formic acid (Qualigens, India) antimony 
pentachloride (Fluka, Switzerland), potassium pyroantimonate (BDH, England), 
nickel nitrate (Qualigens, India), lead nitrate (Qualigens, India), silica gel G (E. 
Merck, India), and all other reagents were also of analytical grade. 
Test solutions 
The cation test solutions were generally 0.1 AY in the metal chloride, nitrate or 
sulphate, and contained a small amount of the corresponding acid to prevent 
hydrolysis. Solutions of anions as their sodium or potassium salts (0.1 M) were 
used to study the effect of different anions on the separation of cations. 
Detection 
The following detection systems were used; 
(i) aq. potassium ferrocyanide (1%) for Fe^\ Cu-\ V0^'\ V0-\ and Ti^ *, 
(ii) dithizone (0.1%) in carbon tetrachloride for Zn-\ Cd-\ Pb-\ Ag\ BP\ 
Hg=\ Hg\ and T\\ 
(iii) aq. aluminon (1%) containing appropriate amounts of ammonium acetate 
was used for AV\ 
(iv) ale. dimethylglyoxime (1%) for Ni-" and CO-% 
(v) fresh 0.1% solution of stannous chloride in hydrochloric acid (2.0 M) for 
Mo**,W*' and Se'\ 
(vi) ale. alizarine red S (1%) for Ce'\ 
(vii) aq. potassium ferricyanide (1%) for ¥e-\ 
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Mobile phase 
The following solvent systems were used as mobile phases. 
Ml Distilled water 
M2 0.1 and 1.0 AY Aqueous formic acid 
M3 1.0, 5.0 and 10% Tributylamine (TBA) in methanol 
M4 10% TBA - 1 A/aqueous formic acid (6 + 4, 1 + 1, 4 + 6, and 2 + 1 v/v) 
M5 10% Trimethylamine in methanol 
M6 10% Triethanolamine in methanol 
M7 10% N, A^-Dimethylamine in methanol 
M8 Ethyl methyl ketone 
M9 Ethyl methyl ketone - 1 AY aqueous sodium chloride (1+4, v/v) 
MIO Ethyl methyl ketone - 1 A/aqueous formic acid (1 + 1, 9 + 1 , and 5 + 2, v/v) 
Ml 1 10% Diphenylamine in methanol 
M12 10% Triethanolamine in methanol - 1 AY aqueous formic acid (6 + 4, v/v) 
M13 TBA - formic acid - acetone (2 + 4 + 4, v/v) 
M14 TBA - formic acid - acetone (2 + 6 + 2, v/v) 
M15 10% TBA in methanol - 1% aqueous potassium bromide - 1 AY aqueous 
formic acid (1 + 1 + 1, v/v) 
M16 1% Aqueous potassium bromide 
Stationary phase 
Plain silica gel, and mixed silica gel - inorganic ion-exchange layers (layer S, - S^ ) 
were used. 
Preparation of TLCplates 
Plain silica gel plates were prepared as described in chapter-ll. 
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Mixed silica gel-inorganic ion-exchange layers 
Several mixed layers containing silica gel and inorganic exchange gels were 
prepared as follows 
Layer SI 
Antimony hydroxide ion-exchange gel was prepared by mixing 20 ml of a 
I M solution of antimony pentachloride in 4 A/ hydrochloric acid with 40 ml 
distilled water (/.<? in the ratio 1 2) Silica gel G (20g) was added to the resultant 
antimony hydroxide gel and the mixture was shaken well in a mortar to produce 
a homogeneous slurry which was spread onto glass plates The plates were dried 
in air at room temperature and activated as for plain silica gel plates After 
activation, excess acid was removed from the sorbent layer by developing the 
plates with methanol The plates were then reactivated at 100°C 
Layers S2 and S3 
The procedure described for layer SI was followed except that the ratios 
of antimony pentachloride solution to distilled water were 1 4 and 1.5, respec-
tively. The resultant antimony hydroxide gels were mixed with silica gel in the 
ratio 3 1 and the plates were prepared as described for SI 
Layer S4 
Nickel antimonate ion-exchange gel was prepared by mixing a 1% aqueous 
solution of nickel nitrate with antimony pentachloride solution (1 OM) in the ratio 
2 1 The resultant gel was mixed with silica gel in the ratio 3 1 and the plates were 
prepared as described for SI 
Layer S3 
Lead antimonate ion-exchange gel was prepared by mixing a 1 % aqueous 
solution of lead nitrate with antimony pentachloride solution {\ M) \n the ratio 
2 1 The gel so obtained was mixed with silica gel in the ratio 3 1 and the plates 
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were prepared as described above 
Layer S6 
Antimonic acid was prepared by passing a 0.05 M solution of potassium 
pyroantimonate through a cation-exchange column packed with the protonated 
form Dowex 50x8 at a rate of 3 drops/min. The antimonic acid (60ml) was mixed 
with silica gel (20g) and plates were prepared as described above. 
Layer S7 
Silica gel (20g) was mixed with potassium pyroantimonate solution (0.05 
M, 60 ml) and the slurry so obtained used to coat plates as described above. 
Layer S8 
Antimonic acid solution (0.05 M) was mixed with nickel chloride solution 
(2%) in the ratio 1:2. The resultant gel was mixed with silica gel (3:1) to produce 
a homogeneous slurry which was used to coat plates as described above. 
Layer S9 
Aqueous potassium pyroantimonate solution (pH 7, 0.05 A^ was mixed 
with a solution of lead nitrate (2%) in the ratio 1:2. The resultant gel was mixed 
with silica gel in the ratio 3:1 and plates prepared as described above. 
Procedure 
Sample application, development of chromatogram and measurement of/^ ^ values 
is same as described in chapter-II. 
In order to study the effect of anions on the separation of V0-* from UO^"', 
of Fe' ' from AV" or Bi'', and of AP" from Ti"*", synthetic mixtures containing the 
pair of cations to be separated and the anions (ferrocyanide, ferricyanide, 
perchlorate, bromide, phosphate, nitrite, iodide, thiocyanate, bromate, iodate. 
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periodate, metavanadate, tungstate, chloride, nitrate, tellurite, molybdate, 
sulphite, fluoride, or sulphate) or carboxylic acids (citric, acetic, formic, oxalic, 
or salicylic) under investigation were prepared in micro test tubes. Potassium 
ferrocyanide, potassium ferricyanide, and potassium tartrate caused precipita-
tion. All the other synthetic mixtures were transparent solutions. The resultant 
mixtures (0.01 ml) were spotted onto the chromatoplates, dried, and developed 
with the chosen solvents. After detection of the spots of the cations, their R^. 
values were determined and compared with those obtained in the absence of the 
anions. 
RESULTS AND DISCUSSION 
Our previous studies on the development of new sorbent phases by impregnating 
silica gel with solutions of various inorganic salts have suffered from a basic 
limitation: as a result of solubility in certain aqueous mobile phases some of the 
impregnants were transported across the plate with the solvent front. As a result 
a limited number of inorganic salts proved useful as impregnants for TLC analysis 
of inorganic ions with aqueous mobile phases. 
A very stable sorbent phase did, however, result when silica gel was 
impregnated with 0.3 A/sodium molybdate and plates coated with the resultant 
slurry were heated at 100°C for Ih. The sodium molybdate-impregnated silica 
gel layers were found to be more selective than plain silica gel plates for most of 
the cations. It seems that heating the impregnated silica gel layers produce a new 
molybdosilicate phase which is very stable in formic acid media. 
This study was an attempt to develop some new sorbent phases by mixing 
silica gel with a number of antimony-based ion-exchange gels prepared using 
different procedures. The antimonates were selected because: (i) they have high 
exchange capacity; (ii) their stability in organic and aqueous formic acid systems 
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is satisfactory; (iii) gels are easily formed either by (a) hydrolysis of antimony 
pentachloride in water, or (b) passage of potassium pyroantimonate solution over 
a strong cation-exchange resin bed in the protonated form; (iv) their ion-
exchange behaviour is reproducible; and (v) antimony silicon cation-exchangers 
have shown promise in the analysis of inorganic ions (14 - 16). 
The aim of this study was to combine the favourable features of antimony-
based ion-exchange gels (antimonic acid, nickel antimonate, or lead antimonate) 
with a much favoured sorbent phase, i.e. silica gel, in order to obtain new sorbent 
phases with improved properties. It was hoped that antimony - silicon type 
sorbent phases would result. Some sorbent materials possesing interesting 
separation potential have emerged. 
The following interesting observations resulted from the use of such 
sorbent layers as stationary phases with various solvent systems. 
(i) Plates prepared from sorbents SI - S3 were more stable, and for most of 
the cations produced more compact spots, than plates prepared from S4 
and S5, 
(ii) Layers prepared from SI adhered much more strongly to glass plates than 
all the other sorbent phases, including plain silica gel. Although S6 layers 
adhered less firmly to glass plates than those of SI, their adherence was 
equal to those of plain silica gel. Silica gel mixed with lead antimonate gel 
(S9) produced better layers in terms of adherence and stability than those 
prepared from S8 (silica gel - nickel antimonate gel). 
(iii) If reproducible results are to be achieved, prewashing with methanol is 
essential for the plates prepared from SI; this step is also mandatory for 
S6. 
(iv) Lead and nickel antimonate, prepared by mixing lead or nickel salt solution 
with antimony pentachloride, and plates prepared by mixing these gels 
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with silica gel (S4 and S5) were more stable than layers prepared from S8 
and S9. 
(v) Detection of most of the cations on SI - S5 was sharp whereas on S8 and 
S9 detection of the cations was poor. 
(vi) TBA - methanol was found to be the best eluent (i.e. producing the most 
compact and clearest spots for the cations) on almost all sorbent phases. 
The mobility of cations decrease as the concentration of TBA was 
increased and the cations rarely moved in eluents containing more than 
10% TBA. Conversely, the mobility of cations increased with increasing 
concentrations of formic acid. Mixtures of formic acid and TBA in 
different proportions resulted in some interesting mobile phases for the 
separation of cations. 
Table 5.1 summarizes the preparation of different antimony-based ion-exchange 
gels. Gels prepared from antimony pentachloride were more acidic than those 
prepared from antimonic acid (pH = 2) obtained by passing potassium 
pyroantimonate solution through a protonated cation-exchange column. 
The behaviour of the metal ions on S1 - S10 with various solvent systems 
is summarized in table 5.2. The separations-possible may be inferred from the R^. 
bands into which the ions are grouped. 
With trimethylamine in methanol (M5) AV migrates as a compact spot {R^ 
- R^,, 0.4 to 0.3) whereas most of the cations produce tailed spots. With 
triethanolamine (M6), however, AP* and Bi^ * formed highly compact spots (/^ ^ -
Rj.,, 0.75 to 0.70) and the spots ofthe other cations also tailed less. Triethanolamine 
is, therefore, to be preferred to trimethylamine for selective separation ofthe 
cations. Detection ofthe ions is poor after separation with N, A^-dimethylamine 
(M7), but the spots are compact. Ethyl methyl ketone (M8) is suitable for 
selective separation of Bi'' U^^^^ 0.75), most ofthe other cations showing low 
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Table 5.1 
Synthesis of Antimony-Based Ion-Exchange Gels 
Material s>nthcsized Antimonic acid/antiiuony salt Metal salt/distilled water MiMiig 
ratio 
(antimoiu 
salt metal 
salt/water) 
Antimonic acid 1 A/antimon> pentachloride Distilled water 12 
in 4 A/ h>drochloric acid 
Antimonic acid 1 A/antimonj pentachloride Distilled water 14 
in 4 A/ hydrochloric acid 
Antimonic acid 1 A/antimony pentachloride Distilled water 15 
in 4 A-/ hydrochloric acid 
Nickel antimonate 1 A/antimonj pentachloride 1% nickel nitrate 12 
in 4 A/ hydrochloric acid 
Lead antimonate 1 A/antimony pentachloride 1% lead nitrate 12 
in 4 A/ hydrochloric acid 
Nickel antimonate 0 05 A/ potassium 2% nickel chloride 1 2 
pjroantimoante 
Lead antimonate 0 05 A/potassium 2% nickel chloride 12 
pyroantimonatc 
Nickel antimonate 0 05 A/ antimonic acid 2% nickel chloride 12 
Lead antimonate 0 05 A/antimonic acid 2% lead nitrate 12 
Antimonic acid 0 05 A/ potassium passed through cation 
p\roantiinonate exchange column 
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mobility in this mobile phase. The addition of formic acid to ethyl methyl ketone 
leads to an increase in mobility: Hg*, Hg-% Bi ' \ and TT all move faster in MI4 
than in Ml 3 because ofthe higher concentration of acid in the former. The mixed 
solvent system containing potassium bromide (Ml5) furnishes more compact 
spots than 1% aqueous potassium bromide. The combined effect of formic acid 
and TBA as tailing reducers facilitate the formation of spots with increased 
compactness and, therefore, clearer detection. 
Separation achieved experimentally on S1, S6, and S7 with various mobile 
phases are listed in table 5.3. Of these, the separations of AP' from Fe'"; Fe^' from 
Bi'*; Fe'' from Fe-'; and Hg-* from Hg' are of great importance because they 
involve either separations of the same valence state of different metals or 
separations of different valence states ofthe same metal. 
The effect of anions and carboxylic acids on the separation of V0-* from 
UO,-'; of Fe'" from AP' or Bi^'; and of AP' from Ti"** was also studied. The 
separations are hampered by the presence of ferro- and ferricyanides in the 
sample. Although ammonium thiocyanide moves, with V 0 - \ AP\ and Fe ' \ with 
the solvent front, its presence does not harm the separations. The remaining 
anions have no effect on the separations and the R^ values ofthe metal ions were 
almost unchanged by the presence of different anions in the sample. Although 
none ofthe separations were harmed by citric, acetic, formic, oxalic, or salicylic 
acids, none could be achieved in the presence of tartaric acid. Interestingly, the 
separation of Hg* from Hg-' is always possible, even in the presence of a seven 
fold excess of Hg-'. 
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Table 5.3 
Selected Separations Achieved Experimentally 
Layer Mobile phase Separations (R^ - R.^.) 
S, TBA Zn-MO.30-0.00) from Cd-Ml.00-0.90) 
(10% in methanol) UO^^^ (0.20-0.00) from VO^* (1.00-0.90) 
Th''* (0.13-0.00) from Al'Ml-00-0.80) 
TBA VO^* (1.00-0.90) from Ti"*, Cu^*, 
(10% in methanol) F e ' \ Fe'*, or Th'* 
"1 M formic acid (average R^ 0.15) 
(1 + 1, v/v) Al'^ (1.00-0.90) from r\*\ Cu^^ 
Fe2% Fe^^ or Th-** 
(average /?^ . 0.15) 
Ethyl methyl ketone Hg* (1.00-0.75) from Hg-^ (0.00) 
TBA Fe'* (1.00-0.90) from Bi'* (0.12-0.00) 
(10% in methanol) 
-1 % potassium 
bromide-1 M formic 
acid (1 -f- 1 -f- 1, v/v) 
TBA-formic acid- VO-^ (0.80-0.70) from H g ^ Hg=^ 
acetone (2 + 4 + 4, Bi^^ and Tl* (/?^.0.00) 
v/v) 
Ethyl methyl ketone Fe^^ (1.00-0.90) from Fe-* (0.06-0.00) 
-1 M formic acid 
( 9 + 1 , v/v) 
56 TBA Mo"^ ^ (0.00) from Se-*^  (0.75-0.70) 
(5% in methanol) 
Ethyl methyl ketone Hg-^ (1.00-0.90) from Hg^ 
57 TBA UO,-M0.77-0.70) from Ni2\ Co2^ 
(5% in methanol) Zn2'^ C d - \ Fe^^ Fe^^ Th'^ 
Mo*^ T l ^ Ag^ (average /?^0.0I). 
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CHAPTER - VI 
MILLIGRAM SEPARATION AND 
RECOVERY OF THIOCYANATE 
FROM PHOTOGRAPHIC 
WASTEWATERS 
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TLC, with optimization of techniques and materials, can be applied for the 
quantitation of various compounds present in environmental samples. Some 
recent applications of TLC such as identification of Zn, Cd, Tl and Hg in seawater 
and industrial wastewater (1), total heavy metals in industrial wastewaters (2), 
ortho- and polyphosphates in soft drinks (3) have shown its utility as an effective, 
rapid and simple separation technique. From the literature it is clear that, less 
work has been done on TLC of anions (4,5) compared to that of cations (6,7). 
Though silica gel G is widely used as adsorbent in TLC of anions, kieselguhr G 
layers have also been used for the identification of anionic species (8). 
Ammonium and alkali thiocyanates find application in several fields 
including photography, catalysis, weed killers, dyeing and printing of textiles and 
rust inhibition. Ammonium thiocyanate is an important starting materia! in the 
manufacture of thiourea. Though not as toxic as cyanide, thiocyanate is harmful 
to aquatic life (9), Our proposed method describes the separation and quantitation 
of thiocyanate. 
EXPERIMENTAL 
Apparatus 
Electrical balance (Varbal, India), other apparatus were same as mentioned in 
chapter-H. 
Reagents 
Silica gel G(E. Merck, India), cellulose (Romali, India) Kieselguhr (CDH, India), 
hydrochloric acid (Ranbaxy, India), acetone (Qualigens, India) and ammonium 
thiocyanate (BDH, India) were used. All other reagents were also of analar 
grade 
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Test Solutions 
1 0% aqueous solutions of sodium or potassium salts of ferricyanide, ferrocyanide, 
vanadate, phosphate, fluoride, sulphite, chromate and ammonium thiocyanate 
were used 
The following amines and phenols were used, to study the effect of their 
presence, on the separation of thiocyanate from other anions 
(i) aniline (A^), (ii) diphenylamine (A,), (iii) toluidine (A^), (iv) pyrogallol (P,), 
(v) Resorcinol (P,), and (vi) carbazole (Pj) 
Detection 
The following reagents were used as detectors' 
1 saturated solution of AgNOj in methanol for CrO^-", PO^^' and F', 
2 1% ferric chloride in 2 A^  HCl for SCN", ( C N V and (CN)^'", 
3 0 5% alcoholic pyrogallol solution for MoO^*', 
4 0 2% diphenylamine in 4 A^  H,SO^ for VO3" and SO,-" 
Stationary phases 
CK - Cellulose + Kieselguhr (1 I w/w) 
SK = Silica gel + Kieselguhr (1 I w/w) 
Mobile phase 
0 1 AY HCl + Acetone (1 9 v/v). 
Preparation of TLC Plates 
Silica gel G + Kieselguhr G, or cellulose microcrystalline + Kieselguhr G were 
taken in 1 I (w/w) and mixed with double distilled water in the ratio 1 3 and I 4 
(w/v) respectively The remaining part of the method is same as described in 
chapter-II 
no 
Procedure 
Sample application, development of TLC plates, and measurement of/^ ^ values 
for the anions was same as described in chapter-II 
Equal volumes of thiocyanate solution and accompanying anion solution 
were spotted onto the TLC plate to study the separations To investigate the 
effect of amines and phenols on the separation of thiocyanate, double the volume 
of amine or phenol was spotted over the mixture spot to be separated The 
chromatogram was developed and R^ values were measured To study the 
quantitative separation of thiocyanate, 1 0 ml standard solutions of ammonium 
thiocyanate containing 0 3 mg, 0.6 mg, 1 0 mg and 2 0 mg/0 01 ml of thiocyanate 
were mixed with 1 0 ml of 1% potassium ferrocyanide solution and 0 02 ml of the 
resulting solution was loaded with the help of mircopipette onto the TLC plate, 
after development and drying of chromatogram at room temperature, the 
corresponding region of the adsorbent was scraped off and the amount of 
thiocyanate was determined as follows (9) 
loJimalnc Datarmination of Thiocyanalc 
To the stock solution, or to the corresponding adsorbent containing 
thiocyanate), 5 0 ml of 20% ortho-phosphoric acid was added in an iodination 
flask followed by bromine-water, until a deep yellow colour persists The flask 
was shaken and allowed to stand for five minutes 2 0 mi of 5% phenol solution 
was added to remove the excess of bromine To this, 2 0 ml of KI solution 
containing 0 5 g KI/2 0 ml was added, shaken well and allowed to stand for 10 
min for the complete liberation of iodine The liberated iodine was titrated with 
0 IN standard thiosulphate (10) using starch as indicator 
The relative error in the amount of thiocyanate recovered using TLC-
iodimetry, was calculated using the equation 
Il l 
Relative error = '• ' x 100 
X 
where xjs the amount of thiosulphate consumed inTLC-iodimetry for a particular 
amount of SCN', and x^ is the amount of thiosulphate consumed in iodimetry for 
the same amount of thiocyanate 
J (x_ - xy-ln - I 
Using the equation R S D = : x 1000 
X 
relative standard deviations in the amount recovered were calculated Where x 
is the individual observed recovery, x' is the mean value of recoveries and // is the 
number of observations made 
To check the complete liberation of iodine, in each case iodination flask 
was kept for 15 hoiTs after adding the KI solution 
RESULTS AND DISCUSSION 
Figure 6 1 shows the chromatographic behaviour of thiocyanate and other anions 
It is explicit from the figure that in both the adsorbents i e cellulose + Kieselguhr 
and silica gel + Kieselguhr, thiocyanate is less retained compared to other anions, 
which are retained near or at the point of application, thus allowing the complete 
resolution of the mixture 
In the spectroscopic determination of thiocyanate using iron (III), several 
anions such as fluoride, phosphate, dichromate, vanadate and bromide including 
phenols, mterfere (9), hence the separation of these species from thiocyanate, 
prior to its colorimetric determination is important The proposed chromatographic 
system permits such separations Furthermore the separations can be achieved 
within 5 - 7 min a* room temperature (~30°C) In addition to a minimal 
development time, our proposed method doesn't require the extraction of 
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ADSORBENT CELLULOSE -f KIESELGUHR 
ELUENI 0 1 M HCl + ACETONE (1 .9 ) 
SILICA GEL + KIESELGUHR ( ) : ) ) 
0 IM HC1 + ACETONE (1 • ! ) 
Al 
0 « r 
r SOj' POJ" VO" Cf0''(CN)|'(CNj^j' Moo'" f SoJ" PO4 VO'j CroJ"(CN)5"(CN)j'Mo04" 
Fig. 6.1 Separation of SCN ~ from Accompanying Anions, and the Same 
In the Presence of Certain Amines and Phenols; Rp Values 
of Anions in the Remaining Diagrams are Same as in Fig. CK 
a SK. 
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thiocyanate from the sorbent phase before titration. It has been experimentally 
found that the adsorbent material does not consume any hypo or affect the 
titration. Hence the corresponding region containing thiocyanate was scraped off 
from the TLC plate, taken into an iodination flask and titrimetric reagents were 
directly added to it. Results in table 6.1 show that the recovery of thiocyanate is 
nearly complete for 1.0 mg and above. 
As good results of recovery were obtained, we successfully attempted to 
recover thiocyanate from photographic wastewaters by spiking the wastewater 
with 1.0 mg SCN' / 0.02 ml . Before spiking the photographic waste, it was 
checked for any traces of thiocyanate by TLC, though bromide was present, no 
thiocyanate was detected. 
It is found that, after adding KI solution, liberation of iodine is complete 
within 10 min. 
14 
Table 6.1 
Recovery of SCN" after TLC separation from 
Fe(CN) '^'" and the same from Br* in photographic 
wastewaters. 
S No Amt of SCN' Amt of SCN" Relative R S D parts 
spotted (mg) recovered* (mg) error per thousand 
1 0 3 0 258 -14% 91 92 
2 0 6 0 561 -6 45% 94 93 
3 10 0 985 - 1 5 % 21 98 
4 2 0 1 976 -1 194% 15 10 
**5 10 0 980 -2 0% 47 72 
* Each value is the average of five determinations 
** Amount recovered from spiked photographic wastewater 
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Summary 
The sorption behavior of heavy metals has been examined on 
layers comprising mixtures of silica gel and inorganic ion-ex-
change gels. Some new sorbent phases and solvent systems of 
practical utility for the separation of cationic species have been 
identified. Antimony-based ion-exchange gels have been syn-
thesized under different experimental conditions. Efforts have 
been made to develop a new class of sorbent phase by com-
bining the favorable properties of silica gel and ion-exchange 
gels. 
1 Introduction 
A new edition of a handbool< on thin layer chromatography [1] 
contains a comprehensive collection of research data on thin 
layer chromatography (TLC) of organic and inorganic sub-
stances. It presents a clear picture of work performed on all 
aspects of TLC during the last fifteen years. Silica gel (unmo-
dified, chemically modified, and impregnated with organic li-
quids or inorganic salts) has been the layer material most 
favored for the TLC of inorganic compounds, with some use 
of alumina, cellulose, cellulose derivatives, and synthetic in-
organic ion-exchangers. Sllufol, powdered glass, NaX mole-
cular sieves, polyamides, chitosan, macrocyclic polyethers, 
and mixed sorbent layers (Kiesel gel G - chitosan, alumina 
- silica gel, cellulose - silica, efc.) have also been used, but 
to lesser extent. 
Continuing efforts are being made to change the selectivity of 
adsorbents, either by chemical modification or by impregna-
tion with suitable organic or inorganic substances. Thin layer 
plates impregnated with organic ligands have been used to 
separate metal ions [2,3] whereas plates impregnated with 
inorganic salts have been used for the separation of organic 
compounds [4-7]. 
* A Mohammad, M Ajmal, N Fatima, and M A M Khan, Analytical Laborat-
ones, Department of Applied Chemistry, Zakir Husain College of Engineenng 
and Technology, Aligarh Muslim University, Aligarh-202 002, India 
More recently, silica gel impregnated with inorganic salts has 
been used for the analysis of metal ions [8-11]. Although the 
narrowness of the range of concentrations which can be 
used for impregnation, and the instability of the resulting 
plates in some solvent systems limit the applicability of such 
plates, the use of synthetic inorganic ion-exchangers as sta-
tionary phases [12,13] suffers from the limitations (i) that the 
preparation of the ion-exchangers is a time-consuming pro-
cess; (ii) the resulting product is highly expensive because of 
its low yield; and (iii) preparation of layers without binder is 
difficult. 
Bearing in mind these difficulties we have devised an alterna-
tive means of developing a new class of sorbent phase ap-
plicable to the analysis of inorganic ions: ion-exchange gels 
have been blended with silica gel. The proposed method is a 
cost effective and comparatively rapid means of achieving 
selective separations of inorganic ions. Preliminary studies 
performed on some newly prepared sorbent materials are 
presented in this report. 
2 Experimental 
2.1 Materials 
Tributylamine (Fluka), formic acid, antimony pentachloride, 
potassium pyroantimonate, and all other reagents were of 
analytical reagent grade. 
2.2 Test Solutions and Detection Reagents 
The cation test solutions were generally 0.1 M in the metal 
chloride, nitrate, or sulfate, and contained a small amount of 
the corresponding acid to prevent hydrolysis. Solutions of an-
ions as their sodium or potassium salts (0.1 M) were used to 
study the effect of different anions on the separation of cat-
ions. 
Potassium ferrocyanide (1 %) was used for the detection of 
Fe3+, Cu2+, U0|+, V02+, and Ti"*. Dithizone in carbon tet-
rachloride (0.1 %) was used to detect Zn^*, Cd2+, Pb2+, 
Ag + , Bi3+, Hgi-" Hg2+, and TI+. Aluminon (1 %) containing 
appropriate amounts of ammonium acetate was used for the 
detection of A|3+. Ni2+, and C02+ were detected with al-
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Figure 3 
TLC of several racemates and optically pure isomers on Sil C,a-50 UV,;, 
plates eluted with (A) 6 % BSA in 0.05 M sodium tetraborate containing 6 
% 2-propanol (pH 9.30); (B) 6 % BSA in 0.05 M sodium bicarbonate + 0.05 
M sodium carbonate containing 6 % 2-propanol (pH 9.80); and (C) 6 % BSA 
in 0.05 M sodium tetraborate containing 20 % 2-propanol (pH 9.75): 1, DL-
Itynurenyne; 2, L-kynurenyne; 3, DL-3-(1-naphthyl)Ala; 4, L-3-(1-naphthyl) 
Ala; 5, 0-hippuryl-OL|3-phenyllactic acid; 6, N-a<-benzoyl-DL-Arg-7-amido-4-
methylcoumarin; 7, (-)-2,2,2-trifluoro-1-(9-anthryi)etlianol; 8, ( + )-2,2,2-
trifluoro-1-(9-anthryl)ethanol; 9, mixture of 7 and 8; other details as in 
Figure 1. 
The first racemate was not separated on either RP-
I8W/UV254 or Sil C18 - 50 UV254, probably owing to its low 
affinity for the two stationary phases; it essentially migrates 
with the solvent front under all the experimental conditions 
used. 0-hippuryl-DL-;8-phenyllactic acid was, on the other 
hand, completely resolved by elution of Sil Ci8-50 UV254 with 
an alkaline solution, as shown in Figure 3B. The resolution 
parameters were a = 1.28 and Rg = 1 -3. 
This separation could not be obtained by elution of either Sil 
C18-5O UV254 or RP-I8W/UV254 plates with neutral or acidic 
solutions; under these conditions the lactic acid derivatives 
gave elongated spots; this is different from the data reported 
for A/-aroylamino acids [1,3]. 
3.6 A/-a<-Benzoylarginine-7-Amido-4-Methylcoumarin 
This racemate differed from the above-mentioned com-
pounds owing to the presence of derivatized carboxyl and 
amino groups bound to the asymmetric carbon atom and of a 
guanidino group in the side chain, which lowers the affinity of 
the compound towards the hydrophobic stationary phase. 
Well separated and compact spots were obtained for the en-
antiomers on both layers; an acidic eluent was necessary for 
RP-I8W/UV254 whereas both acidic and alkaline solutions 
could be used with Sil Ci8-50 UV254 because of the higher 
percentages of organic modifier in the mobile phase (Figure 
SB). 
3.7 2,2,2-Trifluoro-1-(9-anthryl)ethanol 
The optical isomers of this compound have already been sep-
arated by planar chromatography on triacetylated cellulose 
and silica gel layers impregnated with Pirkle type chiral 
agents [8,9]. 2,2,2-Trifluoro-1-(9-anthryl)ethanol has chem-
ical characteristics completely different from the compounds 
so far examined and, therefore, the separation of the two en-
antiomers could not be predicted. Owing to the strong hy-
drophobic properties of this alcohol only Sil Cig-SO UV254 
layers were used owing to their compatibility with eluents 
containing high percentages of 2-propanol. 
The two optical isomers remained at the origin, however, 
when the plate was eluted with 0.1 M phosphate buffer solu-
tion containing 12 % 2-propanol and 7 % BSA (apparent pH 
7.30). The good separation illustrated in Figure 3C was ob-
tained with 0.05 M sodium tetraborate, 20 % 2-propanol, and 
6 % BSA (apparent pH 9.75). The resolution parameters are 
a = 1.98 and Rg = 2.0 and the ( + ) isomer is less retained 
than the ( - ) . 
The notable migration of the two isomers with alkaline 
eluents may be a result of the partial ionization of the hy-
droxyl group, which is more acidic because of the three fluor-
ine atoms on the neighbouring carbon atom. Elution with a 
solution of the same pH but with a higher percentage of 2-
propanol (28 %) resulted, in fact, in stronger retention of the 
two enantiomers and poorer separation. 
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Behavior of Heavy Metals on Mixed Silica Ion Exchange Layers 
coholic dimethylglyoxime solution (1 %) A fresh 0 1 % solu-
tion of stannous chloride in hydrochloric acid (2M) was used 
for the detection of Mo6+, W6+, and Se'*+ Alizarine Red S (1 
% solution in alcohol) was used for the detection of Ce''+ 
Fe2+ was detected with potassium ferricyanide solution (1 
%) 
2.3 Chromatography 
2 3 1 Preparation of Plain and Mixed Silica Gel Plates 
Plain Silica Gel Layers 
A mixture of silica gel (Merck, India, 20 g) and conductivity 
water (60 ml) was shaked continuously for 5 mm and a coat-
ing apparatus used to apply the resultant slurry to 20 x 3 cm 
clean glass plates as 0 25 mm layers After complete drying 
at room temperature the plates were activated at 100 ± 5 °C 
for 1 h in an electrically controlled oven The activated plates 
were preserved in a closed chamber at room temperature un-
til used 
Mixed Silica Gel - Inorganic Ion-Exchange Layers 
Several mixed layers containing silica gel and inorganic ion-
exchange gels were prepared as follows 
Layer S1 
Antimony hydroxide ion-exchange gel was prepared by mix-
ing 20 ml of a 1 M solution of antimony pentachloride in 4 M hy-
drochloric acid with 40 ml distilled water (/ e in the ratio 1 2) 
Silica gel G (20 g) was added to the resultant antimony hy-
droxide gel and the mixture was shaken well in a mortar to 
produce an homogeneous slurry which was spread on glass 
plates The plates were dried in air at room temperature and 
activated as for plain silica gel plates After activation, excess 
acid was removed from the sorbent layer by developing the 
plates with methanol The plates were then reactivated at 
100 "C 
Layers S2 and S3 
The procedure described for layer 81 was followed except 
that the ratios of antimony pentachloride solution to distilled 
water were 1 4 and 1 5, respectively The resultant antimony 
hydroxide gels were mixed with silica gel in the ratio 3 1 and 
the plates were prepared as described for SI 
Layer S4 
Nickel antimonate ion-exchange gel was prepared by mixing 
a 1 % aqueous solution of nickel nitrate with antimony pen-
tachloride solution (1 0 M) in the ratio 2 1 The resultant gel 
was mixed with silica gel in the ratio 3 1 and the plates were 
prepared as described for Si 
Layer S5 
Lead antimonate ion-exchange gel was prepared by mixing a 
1 % aqueous solution of lead nitrate with antimony pentach-
loride solution (1 M) in the ratio 2 1 The gel so obtained was 
mixed with silica gel in the ratio 3 1 and the plates were pre-
pared as descnbed above 
Layer S6 
Antimonic acid was prepared by passing a 0 05 M solution 
of potassium pyroantimonate through a cation-exchange co-
lumn packed with the protonated form Dowex 50x8 at a rate 
of 3 drops/mm The antimonic acid (60 ml) was mixed with si-
lica gel (20 g) and plates were prepared as descnbed above 
Layers? 
Silica gel (20 g) was mixed with potassium pyroantimonate 
solution (0 05 M, 60 ml) and the slurry so obtained used to 
coat plates as described above 
Layer S8 
Antimonic acid solution (0 05 M) was mixed with nickel chlor-
ide solution (2 %) in the ratio 1 2 The resultant gel was mixed 
with silica gel (3 1) to produce a homogeneous slurry which 
used to coat plates as described above 
Layer S9 
Aqueous potassium pyroantimonate solution (pH 7, 0 05 M) 
was mixed with a solution of lead nitrate (2 %) in the ratio 1 2 
The resultant gel was mixed with silica gel in the ratio 3 1 and 
plates prepared as described above 
232 Mobile Phases 
The following solvent systems were used as mobile phases 
Ml Distilled water 
M2 0 1 andl OM Aqueous formic acid 
M3 1 0,5 0, and 10 % Tributylamine (TBA) in methanol 
M4 10 % TBA - 1 M aqueous formic acid (6 + 4,1 -i- 1, 
4 -I- 6, and 2 + 1, viv) 
M5 10 % Trimethylamme in methanol 
M6 10 % Triethanolamine in methanol 
M7 10 % A/,A/-Dimethylamine in methanol 
MS Ethyl methyl ketone 
M9 Ethyl methyl ketone - 1 M aqueous sodium chloride 
(1 + 4, vIv) 
M10 Ethyl methyl ketone - 1 M aqueous formic acid (1 + 1, 
9 + 1, and 5 + 2, vIv) 
M i l 10 % Diphenylamine in methanol 
Ml2 10 %Tnethanolamine in methanol - 1 M aqueous 
formic acid (6 + 4, vIv) 
M13 TBA - formic acid - acetone (2 + 4 + 4, vIv) 
M14 TBA - formic acid - acetone (2 + 6 + 2, vIv) 
Mi5 10 % TBA in methanol - 1 % aqueous potassium 
bromide - 1 M aqueous formic acid (1 + 1 + ^,vlv) 
Ml6 1 % Aqueous potassium bromide 
233 Procedure 
Solutions of the cations (ca 10 fil) were spotted on to the 
plates by means of a lambda pipet The spots were dried in 
air and the plates developed to a distance of 10 cm from the 
origin by ascending development with the chosen solvent 
system in 20 x 6 cm glass jars After development the plates 
were dried and the cations detected by spraying with the ap-
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propriate reagent. The values of R]_ (flf of the leading front) 
and Rf (ftf of the trailing front) were determined for each spot 
and reported as {Ri - Rj). The flf values of the cations were 
calculated from: 
flf = AL + AT 
in order to study the effect of anions on the separation of 
V02+ from UO^''", of Fe3+ from A|3+ or Bi3+, and of A|3+ from 
Ti"*, synthetic mixtures containing the pair of cations to be 
separated and the anions (ferrocyanide, ferricyanide, per-
chlorate, bromide, phosphate, nitrite, iodide, thiocyanate, 
bromate, iodate, periodate, metavanadate, tungstate, chlor-
ide, nitrate, tellurite, molybdate, sulfite, fluoride, or sulfate) or 
carboxylic acids (citric, acetic, formic, oxalic, or salicylic) 
under investigation were prepared in micro test tubes. Potas-
sium ferrocyanide, potassium ferricyanide, and potassium 
tartrate caused precipitation. All the other synthetic mixtures 
were transparent solutions. The resultant mixtures (10 ix\) 
were spotted on the chromatoplates, dried, and developed 
with the chosen solvents. After detection of the spots of the 
cations, their Rf values were determined and compared with 
those obtained in the absence of the anions. 
3 Results and Discussion 
Our previous studies on the development of new sorbent 
phases by impregnating silica gel with solutions of various in-
Table 1 
Synthesis of antimony-based ion-exchange gels. 
organic salts have suffered from a basic limitation: as a result 
of solubility in certain aqueous mobile phases some of the im-
pregnants were transported across the plate with the solvent 
front. As a result only a limited number of inorganic salts 
proved useful as impregnants for TLC analysis of inorganic 
ions with aqueous mobile phases. 
A very stable sorbent phase did, however, result when silica 
gel was impregnated with 0.3 M sodium molybdate and plates 
coated with the resultant slurry were heated at 100 °C for 1 h. 
The sodium molybdate-impregnated silica gel layers were 
found to be more selective than plain silica gel plates for most 
of the cations. It seems that heating the impregnated silica 
gel layers produces a new molybdosilicate phase which is 
very stable in formic acid media. 
This study was an attempt to develop some new sorbent 
phases by mixing silica gel with a number of antimony-based 
ion-exchange gels prepared using different procedures. The 
antimonates were selected because: (i) they have high ex-
change capacity; (ii) their stability in organic and aqueous for-
mic acid systems is satisfactory; (lii) gels are easily formed ei-
ther by (a) hydrolysis of antimony pentachloride in water, or 
(b) passage of potassium pyroantimonate solution over a 
strong cation-exchange resin bed in the protonated form; (iv) 
their ion-exchange behavior is reproducible; and (v) antimony 
silicon cation-exchangers have shown promise in the an-
alysis of inorganic ions [14-16]. 
The aim of this study was to combine the favorable features 
of antimony-based ion-exchange gels (antimonic acid, nickel 
Material synthesized 
Antimonic acid 
Antimonic acid 
Antimonic acid 
Nickel antimonate 
Lead antimonate 
Nickel antimonate 
Lead antimonate 
Nickel antimonate 
Lead antimonate 
Antimonic acid 
Antimonic acid/antimony salt 
1 M antimony pentachloride in 4 M 
hydrochloric acid 
1 M antimony pentachloride in 4 M 
hydrochloric acid 
1 M antimony pentachloride in 4 M 
hydrochloric acid 
1 M antimony pentachloride in 4 M 
hydrochloric acid 
1 M antimony pentachloride in 4 M 
hydrochloric acid 
0.05 M potassium pyroantimonate 
0.05 M potassium pyroantimonate 
0.05 M antimonic acid 
0.05 M antimonic acid 
0.05 M potassium pyroantimonate 
Metal salt/distilled water 
Distilled water 
Distilled water 
Distilled water 
1 % nickel nitrate 
1 % lead nitrate 
2 % nickel chloride 
2 % nickel chloride 
2 o/o nickel chloride 
2 % lead nitrate 
passed through cation 
exchange column 
Mixing ratio 
(antimony salt: 
metal salt/water) 
1:2 
1:4 
1:5 
1:2 
1:2 
1:2 
1:2 
1:2 
1:2 
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antimonate, or lead antimonate) with a much favored sorbent 
phase, / e silica gel, in order to obtain new sorbent phases 
with improved properties It was hoped that antimony - si-
licon-type sorbent phases would result Some sorbent ma-
tenals possessing interesting separation potential have 
emerged 
The following interesting observations resulted from the use 
of such sorbent layers as stationary phases with various sol-
vent systems 
(i) Plates prepared from sorbents S1-S3 were more stable, 
and for most of the cations produced more compact spots, 
than plates prepared from S4 and S5 
(ii) Layers prepared from S1 adhered much more strongly to 
glass plates than all the other sorbent phases, including plain 
silica gel Although S6 layers adhered less firmly to glass 
plates than those of S1, their adherence was equal to those 
of plain silica gel Silica gel mixed with lead antimonate gel 
(S9) produced better layers in terms of adherence and stabil-
ity than those prepared from S8 (silica gel - nickel an-
timonate gel) 
(ill) If reproducible results are to be achieved, prewashing 
with methanol is essential for plates prepared from S1, this 
step IS also mandatory for S6 
(iv) Lead and nickel antimonate, prepared by mixing lead or 
nickel salt solution with antimony pentachloride, and plates 
prepared by mixing these gels with silica gel (S4 and S5) 
were more stable than layers prepared from S8 and S9 
(v) Detection of most of the cations on S1-S5 was sharp 
whereas on 88 and S9 detection of the cations was poor 
(vi) TBA - methanol was found to be the best eluent (/ e 
producing the most compact and clearest spots for the cat-
ions) on almost all sorbent phases The mobility of cations 
decreased as the concentration of TBA was increased and 
the cations rarely moved in eluents containing more than 
10 % TBA Conversely, the mobility of cations increased with 
increasing concentrations of formic acid Mixtures of formic 
acid and TBA in different proportions resulted in some inter-
esting mobile phases for the separation of cations 
Table 1 summarizes the preparation of different antimony-
based ion-exchange gels Gels prepared from antimony pen-
tachloride were more acidic than those prepared from an-
timonic acid (pH ~ 2) obtained by passing potassium pyroan-
timonate solution through a protonated cation-exchange 
column 
The behavior of the metal ions on S1-S10 with various sol-
vent systems is summarized in Table 2 The separations pos-
sible may be inferred from the flf bands into which the ions 
are grouped 
With trimethylamine in methanol (M5) A|3+ migrates as a 
compact spot (fl|_ - flj, 0 4 to 0 3) whereas most of the cat-
Table 2 
Separations possible on various sorbent phases on the basis of the mobility of the cations. 
Stationary phase 
S1 
Mobile phase 
TBA (1 % in methanol) 
TBA (5 % in methanol) 
TBA 1 0 % in methanol 
TBA ( 1 0 % m methanol) 
- 1 M formic acid 
(2 + 1, viv) 
TBA ( 1 0 % in methanol) 
- 1 M formic acid 
(6 + 4, v/v) 
TBA (10 % in methanol) 
- 1 M formic acid 
(1 + ^,vlv) 
Metal ions with low 
fl,value(f?, s 0 15) 
Fe2+,Th' '+ ,Hg*, 
Pb2*,Bi3+,TI + , 
U O | + , C u 2 \ H g 2 * 
C d 2 ^ u o ^ ^ T h • ' ^ 
H g ^ H g 2 ^ S e ' ' + 
T h ' ' + , C d 2 M i ' ' * , 
Pb2*,Hg+,Hg2+, 
UO^*,Cu2*,Fe3+, 
TI + 
Fe2+,Fe3\Th''+,A|3+ 
Pb2*,B|3+,Mo^+, 
Se' '+ ,Th,Ti ' '+ 
Fe2+,Th''+ ,Pb2+, 
B l 3 ^ M o 6 ^ T l ^ 
T|4 + 
F e ^ ^ T h ' ' + , P b 2 ^ 
B|3+,Mo6+,Th, 
T h , T i ' ' \ C u 2 * , F e 3 + 
Sorption behavior of meta 
Metal ions with high 
flf value 
(R, > 0 6 - 1 0) 
\J02* 
V02 + 
V02*,B|3+,A|3 + 
N l ^ ^ C o 2 ^ Z n 2 ^ 
V02 + 
N i2 * ,Co2+ ,UOf , 
V02 + 
U O | * , V 0 2 \ A | 3 * 
1 ions 
Metal ions 
producing tailed spots 
( f l , > 0 3) 
N|2+,Co2*,Zn2+ 
N|2+,Co2+,Fe3+ 
N|2+,C02 + 
Cd2+,Cu2*,UO^*, 
Zn2*,Cd2+,Fe3+, 
A|3 + 
Ni2+,Co2+,Zn2\ 
Cd2+ 
Metal ions 
producing 
double spots 
-
Cu2+,Mo6+ 
Mo^+.Se"* 
~ 
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S2 
TBA ( 1 0 % in methanol) 
- 1 M formic acid 
(4 + 6, viv) 
Tnmethylamine 
( 1 0 % in methanol) 
Triethanolamine 
( 1 0 % in methanol) 
A/,A/-Dimethylaniline 
( 1 0 % in methanol) 
Ethyl methyl ketone 
Ethyl methyl ketone 
- 1 M sodium chlonde 
(1 + 4, vIv) 
Ethyl methyl ketone 
- 1 M formic acid 
(1 + 1, vN) 
Ethyl methyl ketone 
- 1 M formic acid 
(9 + 1, vIv) 
Ethyl methyl ketone 
- 1 M formic acid 
(5 + 2, vIv) 
Diphenylamme 
(10 % m methanol) 
1 M Formic acid 
0 1 M Formic acid 
Tnethanolamine 
( 1 0 % in methanol) 
- 1 M formic acid 
(6 + 4, vN) 
TBA - formic acid -
acetone (2 + 4 + 4, vIv) 
TBA - formic acid -
acetone (2 + 6 + 2, vIv) 
TBA ( 1 0 % in methanol) 
- 1 % potassium -
1 M aqueous formic acid 
bromide (1 + 1 + 1 , 
vIv) 
1 % Potassium bromide 
0 1 M Formic acid 
Pb2+,Mo«+,TI+, 
Ti*+,Fe2+,Th''+ 
Bi3*,TI*,Ti' '-^,Th''+ 
Th"* 
N|2+,Co2+,Zn2+, 
VO^+ ,Fe3^A |3^ 
Th ' ' * , Th ,Hg2* 
Mo8+,B|3+,Ti''+,Th''+ 
Cd2+,Fe2*,A|3*, 
Th' '+,Ti ' '+,TI+, 
P b 2 \ B | 3 + , H g \ 
Hg2+,Mo8*,Se''+ 
Fe2\Th ' ' - ' ,T i ' '+ , 
T h , P b 2 + , B | 3 \ 
Hg+,Hg2+,Mo6+,Se''+ 
F e 2 ^ T h ' ' ^ T l ^ 
Bi3*,Mo«+,Se''+, 
H g + , H g 2 \ T I + , 
B|3+,Ti ' '*,Th' '*, 
V02+ 
Zn2+,Th''*,Ti' '+,Mo6+ 
Zn^+.Th^+.Ti"* , 
Th,B|3%Pb2+, 
Mo«+,Ba2+,Ca2+ 
Sr2*,Ce''+ 
Th- i^ .TI* 
T h ' ' \ T h , B | 3 + , 
Hg* ,Hg2-
Th' '* ,Mo8*,Se' '+ 
N|2*,Co2*,Zn2+ 
T i " * ,B|3+ 
N|2+,Co2-^,Zn2+, 
UO|* ,V02+,Fe2* 
Fe3+ 
Zn2+, Fe2*,Th''+, 
Pb2+,Bi3+,TI+, 
Mo^+.Ti"* 
N|2+,Co2+,UOf, 
V02+ 
UO| \V02-^ ,Fe2* 
A|3+,BiS*,V02* 
Zn2+,Cd2\Fe3* 
AI3* 
Ni2+,Co2+,Zn2+, 
Cu2^Fe3^Cd2+ 
Z n 2 \ C d 2 \ F e 3 + 
Ni2+,Co2+,Cu2+,V02-^ Fe3+ 
B|3+,Hg* 
N|2^Co2+,Cu2^ 
Fe3+,A13+ 
N | 2 * , C o 2 \ U O | * , 
V02+,Fe2+,A|3\ 
Pb2+,B|3 + 
N|2+,Co2* ,UOf , 
V 0 = \ A | 3 * 
Cu2+,UO^*,V02+, 
F e ^ ^ F e 3 ^ A | 3 ^ 
B|3 + 
V02+,Fe2*,Fe3* 
U O ^ * , V 0 2 \ F e 2 * , 
F e 3 \ T h , B | 3 + , 
H g ^ H g 2 * 
Cd2+,Th''*,Pb2+, 
U O i * , V 0 2 \ F e 2 + , 
Se ' ' + ,Hg \W6+ 
P b 2 * , B | 3 \ T l * , 
Mo6+,Se' '* ,Hg+, 
Hg2 + ,W6 + 
N |2+ ,Co2* ,UO| \ 
UO? 
Zn2+,Cd2+,TI-^ 
N|2^Co2+,Zn2^ 
Cu2* Ni2\Co2+,Zn2+, 
Cd2+,V02+,Fe3* 
N|2+,Co2+,Zn2+,Cu?+ 
V02+,Hg+,Hg2+ 
Cu2+, F e ^ ^ Fe3-^, AP* U O ^ , Zn2+, Cd^^^ 
Cd2^Cu^^Fe3^Se• ' + 
Cd2*,Cu2+,Fe3* 
N|2*,Co2\Zn2%Cd2+ 
N|2*,Co2+,Zn2\ 
Cd2+,U0^* 
N|2\Co2+,Zn2+, 
Cd2+,Cu2* 
Cu2+,Hg2+ 
Fe3+,Th,Mo«+, 
Cdz+.Th-'+.Ti"* 
Cd2*,Cu2*,Fe3+ 
Fe3* 
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S3 
S4 
S5 
S6 
S7 
TBA(1 % in methanol) Cd^+.Cu^+.UOl" 
Fe2+,A|3+,Th'»+, 
T h + . T h . P b s * , 
B|3+,Hg+,Hg2-
T B A ( 1 0 % in methanol) N|2*,Cd2*,Cu2+ 
F e ^ M h - ' M i " * , 
T h , P b 2 \ B P \ 
H g ^ H g ^ -
Distilled water Zn2+,Cd2+,Fe3+, 
Fe3Mh ' ' + ,Pb2* , 
Bi3-
Distilled water Th''+,Mo«+,W6+, 
Pb2*,Ag+ 
1M Formic acid T h " * , Mo^+.W^*, 
Pb^+.Ag+.Ti"* 
0 . 1 M Formic acid Zn^+.Th-t+.Ti"*, 
P b 2 * , B i 3 M I \ 
M06+ 
• 1 M Ammonium chloride T h " * , M06+, W^*, 
Ti' '+,Pb2+,Ag+ 
1 M Sodium chloride T h " * , Mo^+, W«*, 
Ti'»+,Pb2+,Ag+ 
1 M Formic acid Th* * 
Acetone A|3%Th ' ' \Fe3+, 
Co2+ 
TBA (5 % in methanol) U 0 | * , Mos+, Hg^* 
1 % Potassium bromide 
Ethyl methyl ketone 
TBA (5 % in methanol) 
Ethyl methyl ketone 
S8 
1 % Sodium bromide 
Distilled water 
Zn2%Cu2+,V02+, 
AP+.Th ' i+ .Hg* , 
H g 2 ^ M o « ^ T l ^ 
Ag+,Pb2+,Bi3+, 
Fe3-
N i 2 ^ C o ^ ^ Z ^ 2 ^ 
Cd2+,Cu2+,V02+, 
Th,Fe2+,A|3+, 
T h ' ' + , P b 2 \ H g * , 
Se''+,Mo6* 
N i 2 ^ C o ^ ^ Z n 2 ^ 
Cd2+,Cu2--,Fe2+, 
Fe3+,Th''*,Mo6+ 
Ni2+,Co2*,Zn2+, 
C d 2 ^ C u 2 + , U O | ^ 
V02+,Fe2+,Fe3*, 
AP+.Th^+.T i "* , 
Pb2* ,B i3 \W6+, 
Mo6*,Hg+ 
Zn2+ ,Cd2* ,Cu2 \ -
A|3*,Th' '* ,Mo6+, 
V02*,Fe2+,Fe3+, 
S e ' ' \ P b 2 \ Bi3+ 
Fes+.Th'i+.Mos*, 
T i *+ ,Hg* 
VO2* 
V02* 
V02* ,Hg+,Hg2 
A|3+,Fe2*,Fe3+, 
Bi3* ,V02*,Zn2* 
A | 3 \ U O | * , F e 2 + , 
Fe3^B i3^V02+ 
N i 2 ^ C o 2 ^ u o ^ ^ 
V02+,AP* 
A | 3 \ C u 2 + , V 0 2 \ 
Fe2+,Fe3* 
C u 2 * , V 0 2 * , F e 2 \ 
Fe3* 
V02*,Fe2* ,Fe3* 
Fe2+ 
Zn2*,Cd2*,Cu2+, 
Fe2+,Fe3*,Tht*, 
Hg+,Se' ' * ,TI+, 
Ag+ 
Ni2+,Co2* 
Hg2 
T h , A g + , U O i * 
Hg2 
N i 2 + , C o 2 \ U O | * 
Ni2*,Zn2+,Cd2+, 
U0 |+ ,V02+ 
Ni2+,Co2\Zn2+ 
Co2+,Fe3+ 
Ni2+, 
Cu2+ 
Cd2+ 
Cu2+ 
Cd2* 
Cd2+ 
UO^* 
Hg*, 
UOf" 
C02+ 
UO?* 
Co2^ 
,Hg*, 
,Hg2* 
,Cu2* 
,Hg^ 
Hg2-
,Mo«-' 
U0^*,A|3+ 
Hg2*, 
,Zn2+, 
,Fe3+ 
,Hg2+ 
• , N i 2 + , 
Cd2+,U0? 
U0^%Fe3* 
Se"* 
Hg* 
Cu2* 
Fe3+ 
Cu2+,Fe3*,Se''+ 
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S9 1 M Formic acid 
Distilled vtrater 
Unimpregnated + 1 M Ammonium chloride 
Silica gel 
* 1 M Sodium chloride 
* Dimethyl aniline 
(10 o/o in ethyl methyl 
ketone) 
1 M Sodium chloride -
ethyl methyl ketone 
(4 + 1, vN) 
TBA (10 % in methanol) 
0 1 M Formic acid 
Ethyl methyl ketone 
Ethyl acetate 
Th'»+,Mo«+,Se''+ 
Th ' ' \A |3+ ,Fe3* 
Fe2+,Cu2+,V02+ 
A|3+,Cu2+,UO^*, 
F e 2 \ F e 3 M h ' ' + , 
Mo6+ 
A |3+ ,Cu2+ ,UOi \ 
Th''+,Mo6+,W6+ 
Ni2+,Co2+,Cu2+, 
UO^*,V02+,Fe2*, 
Fe3+,A|3*,Th*+, 
Ti' '+,B|3+,TI+, 
Pb2* 
Cu2+,U0i* ,Fe- '+ 
N|2+,Co2+,Cu2+, 
U O ^ ^ F e 2 + F e 3 ^ 
Th' '+,Hg+,Hg2+, 
Pb^MI+.Tf* 
N | 2 ^ C o ^ ^ Z n ^ ^ 
Cd2*,Cu2+,UO^* 
V02+,Fe2*,Fe3+, 
A|3 + 
N|2*,Co2+,Zn2+, 
Cd2+,Cu2+,UO^* 
V02+,Fe2*,Fe3+ 
N|2*,Co2+,Zn2+, 
C d 2 + , C u 2 \ U O f 
V02*,Fe2+,A|3+ 
N|2+,Co2+,UO|* 
Fe2* Cd2+ 
Zn2+ 
V02+,Fe3+,Zn2* 
Zn2*,Cd2* 
B|3 
N|2*,Co2*,Cd2+ 
A13* 
N|2+,Co2+,Zn2+, 
UO^* ,V02* ,Fe2* 
AI^Mh"* 
Zn2< 
Zns+.VO^+.Se"* 
Cci2+,Fe3* 
•Additional mobile phases tried for the separation of ions 
ions produce tailed spots With triethanolanfime (M6), how-
ever, A|3+ and B|3+ formed highly compact spots {JR\_ - Rj, 
0 75 to 0 70) and the spots of the other cations also tailed 
less Triethanolamine is, therefore, to be preferred to tri-
methylamine for selective separation of the cations Detec-
tion of the ions is poor after separation with A/,A/-dimethyl-
amine (M7), but the spots are compact Ethyl methyl ketone 
(M8) IS suitable for selective separation of B|3+ (Rf = 0 75), 
most of the other cations showing low mobility in this mobile 
phase The addition of formic acid to ethyl methyl ketone 
leads to an increase in mobility Hg+, Hg2+, Bi3+, andTI+ all 
move faster in M14 than in M13 because of the higher con-
centration of acid in the former The mixed solvent system 
containing potassium bromide (M15) furnishes more com-
pact spots than 1 % aqueous potassium bromide The com-
bined effect of formic acid and TBA as tailing reducers fa-
cilitates the formation of spots with increased compactness 
and, therefore, clearer detection 
Separations achieved experimentally on S1, S6, and S7 with 
various mobile phases are listed in Table 3 Of these, the 
separations of A|3+ from Fe3+, Fe3+ from B|3+, Fe3+ from 
Fe2+, and Hg2+ from Hg+ are of great importance because 
they involve either separations of the same valence state of 
different metals or separations of different valence states of 
the same metal 
The effect of anions and carboxylic acids on the separation of 
V02+ from UOi +, of Fe3+ from A|3+ or B|3+, and of A|3+ from 
Ti"* was also studied The separations are hampered by the 
presence of ferro- and ferricyanides in the sample Although 
ammonium thiocyanide moves, with VO2+, A|3+, and Fe3+, 
with the solvent front, its presence does not harm the separa-
tions The remaining anions have no effect on the separa-
tions and the Rf values of the metal ions were almost un-
changed by the presence of different anions in the sample 
Although none of the separations was harmed by citric, ac-
etic, formic, oxalic, or salicylic acids, none could be achieved 
in the presence of tartaric acid Interestingly, the separation 
of Hg^+ from Hg2+ is always possible, even in the presence 
of a seven fold excess of Hg2+ 
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Table 3 
Selected separations achieved experimentally. 
Layer Mobile phase 
SI 
S6 
S7 
Separations (RcRj) 
TBA 
(10% in methanol) 
TBA 
(10% in methanol) 
- 1 M formic acid 
(1 + 1, v/v) 
Ethyl methyl ketone 
TBA 
(10% in methanol) 
- 1 % potassium 
bromide - 1 M formic 
acid (1 + 1 + 1, viv) 
TBA - formic acid -
acetone (2 + 4 + 4, 
vIv) 
Ethyl methyl ketone 
- 1 M formic acid 
(9 + 1, vIv) 
TBA 
(5 % in methanol) 
Zn2+ (0 3-0 0) from Cd^* (1 0-0 9) 
UOl* (0 2-0 0) from VO -^^  (1 0-0 9) 
Th"* (0 13-0 00) from A|3+ 
(1 0-0 8) 
V02+ (1 0-0 9)fromTi«+,Cu'+, 
Fe2+,Fe3+,orTh''+ 
(average fl,0 15) 
A|3+(1 0-0 9)fromTi''+,Cu2+, 
Fe^+.Fe^+.orTh"* 
(average fl,0 15) 
Hg22+ (1 00-0 75) from Hg2+ (0 0) 
Fe3*(1 0-0 9)fromB|3+ 
(0 12-0 00) 
VO^^ ^ (0 8-0 7) from Hg^*, Hg2+, 
Bi3\andTI*(R,0 0) 
Fe3+(1 0-0 9)fromFe2+ 
(0 06-0 00) 
Mo«+ (0 00) from Se''+ (0 75-0 7) 
Ethyl methyl ketone Hg2+ (1 00-0 9) from Hg* 
TBA 
(5 % in methanol) 
UO^* (O 77-0 7)from Ni^*, Co^*, 
Zn2+,Cd2+,Fe2+,Fe3+,Th''+, 
Mo6+,TI + ,Ag*,(averagefl,0 01) 
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Behavior of the Dinitrophenylhydrazones of Saturated 
Aldehydes and Ketones in Normal and Reversed Phase TLC 
and OPLC 
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Key Words: 
TLC 
OPLC 
Normal phase system 
Reversed phase system 
Saturated aldehydes 
Saturated ketones 
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Summary 
Methods are described for the efficient separation of the 2,4-di-
nitrophenylhydrazones of eight saturated aldehydes and five 
saturated ketones by thin layer and overpressured layer chroma-
tography in normal and reversed phase systems. The migration 
distances, retardation factors, and selectivity factors measured 
by overpressured layer chromatography were in most cases 
greater in overpressured layer chromatography than those 
measured by thin layer chromatography. In reversed phase 
systems there was a stronger linear relationship between R^ 
value and carbon number than in normal phase systems. 
1 Introduction 
Aldehydes and ketones are imporlant, often characteristic 
constituents of various food and feed aromas as well as of dif-
E. Tyihdk, Plant Protection Institute, Hungarian Academy of Sciences, Buda-
pest, Herman 0. ut 15, P.O. Box 102, H-1525 Hungary; M. Petro-Turza and 
K. Kardos, Central Food Research Institute, Budapest, Herman O. ut 15, 
H-1525 Hungary; and E. Mincsovics, Factory of Laboratory Instruments Co. 
Ltd, Thaly K. ut 41, P.O. Box 33, H-1450 Budapest, Hungary. 
'I Present address: Research Institute for the Canning Industry, Budapest, 
FSIdvdry ut 4, H-1097 Hungary. 
ferent tissues and biological fluids. The concentration of the 
compounds varies widely in biological (e.g. fruit and veg-
etables) and environmental samples. 
Of these aldehydes and ketones, formaldehyde, the simplest 
aliphatic aldehyde, is a common environmental pollutant 
found in tobacco smoke, many occupational settings, etc. 
[1,2]. Although it has been reported to be both genotoxic and 
carcinogenic [3,4], it is also true that formaldehyde is formed 
within the cell, i.e. there is a "measurable" or "analyzable" 
amount of formaldehyde in plant, animal, and human tissues 
and fluids [5,6]: formaldehyde is a normal component of 
biological systems. 
The efficient separation and determination of aldehydes and 
ketones, e.g. from biological samples is, therefore, an import-
ant analytical task: the individual compounds can be de-
termined only after separation of the components of the mix-
ture. This separation is, however, not an easy task, and as 
saturated aldehydes and ketones may be only minor compo-
nents of biological samples, complicated and costly methods 
are sometimes needed for their detection, separation, and 
determination. 
In addition to their biological importance, homologous series 
of aldehydes and ketones are excellent subjects for theo-
retical chromatographic investigations. 
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CHROMSYMP 2686 
New surface-modified sorbent layer for the analysis of 
toxic metals in seawater and industrial wastewater 
Ali Mohammad* and Mohammad Abdul Majid Khan 
DepurlnienI of Apphed Chemiilry, Z H College of Engineering and Technology, Aligarh Muslins University, Aligarh 202 002 (India) 
ABSTRACT 
Thorium nitrate-impregnatcd silica gel layers were utilized for the sepaiation of zinc, cadmium, thalhum and mercury from seawater 
and industrial wastewater Some common pesticides, namely malathion, carbaryl, carbofuran and bavistin, do not impair the sep-
aration and detection of the above-mentioned toxic metals m seawater and industrial wastewatei Detection limits of these toxic metals 
are reported 
INTRODUCTION 
In recent years, thin-layer chromatography (TLC) 
has proved to be a convenient technique for the 
analysis of environmental samples containing inor-
ganic ions. It has been successfully applied for the 
determination of heavy metals in water and aquatic 
plants [1], analysis of wastewater for total heavy 
metal contents [2], characterization of hazardous 
wastes [3] and quantification of toxic metals in 
industrial sewage [4]. An enzymatic method has been 
reported [5] for the detection of copper, mercury, 
cadmium and silver salts in fresh water after their 
separation on TLC plates. 
In our earlier communication [6,7] we showed that 
silica gel layers impregnated with inorganic salt 
solutions are more selective for cations and can pro-
vide better separation possibilities than untreated 
silica gel layers. In continuation, we have now 
developed a new sorbent phase for TLC analysis of 
heavy metals, by impregnating silica gel with 0.1% 
aqueous thorium nitrate solution. The resulting 
sorbent phase was examined for its possible use in 
the analysis of seawater and industrial wastewater. 
Corresponding authc 
EXPERIMENTAL 
Apparatus 
A TLC applicator (Toshniwal, India), electrical 
centrifuge (Remi, India) and pH meter Model LI-
lOT (Elico, India) were used. 
Reagents 
Silica gel G (E. Merck, India), thorium nitrate 
(Riedel De Haen, Germany) and sodium formate 
(S.D. Fine Chemicals, India) were used. All other 
reagents were also of analytical grade. 
Test solutions 
The test solutions (1%) were chloride or nitrate 
salts of cadmium, mercury, thallium and zinc. 
Double-distilled water having a specific conductiv-
ity (A:) of 1.5 • 10"* ohm-1 cm" ' at 25°C was used 
to prepare the test solutions. 
Alcoholic solutions (1%) of malathion, carbaryl, 
carbofuran, bavistin, 2,4-dichlorophenoxyaceticacid 
and 2,4,5-trichlorophenoxyacetic acid were used. 
Detection 
The following detection systems were used: (i) 
dithizone (0.1%) in carbon tetrachloride for Zn^'^ 
and Cd^"^; (ii) hydrogen sulphide gas for Tl^ and 
Hg^^ 
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Mobile phase 
A 1.0 M aqueous solution of sodium formate 
(pH 7.65) was used. 
Stationary phase 
The stationary phase was silica gel impregnated 
with a 0.1% aqueous solution of thorium nitrate. 
Preparation of TLC plates 
Impregnated TLC plates were prepared by mixing 
silica gel G with an aqueous solution of 0.1% 
thorium nitrate in a 1:3 (w/v) ratio. The resultant 
slurry was mechanically shaken for 10 min, after 
which it was coated onto glass plates with the help of 
a TLC apphcator to give a layer of 0.25 mm 
thickness. The plates were air-dried at room temper-
ature and then activated by heating at 100°C for 1 h. 
After activation the plates were kept in an air-tight 
chamber until use. 
Preparation of spiked water 
A 100-ml aliquot of distilled water was spiked 
with 250 mg each of zinc, cadmium, thallium and 
mercury salts. The pH of this solution was adjusted 
to 3 using dilute hydrochloric acid. Hydrogen 
sulphide gas was passed through the solution till the 
metal ions present in this solution were completely 
precipitated. But it was found that zinc could not be 
precipitated at pH 3. The precipitate was washed 
with distilled water, centrifuged and dissolved in the 
minimum possible volume of concentrated nitric 
acid followed by dilution to 100 ml, using distilled 
water. 
Preparation of spiked industrial wastewater and sea-
water 
A 100-ml volume of industrial wastewater (col-
lected from Link Lock Industries, Aligarh, India) or 
seawater (collected from Anjuna beach of the Ara-
bian Sea, Goa, India) was spiked with 333 mg each 
of zinc, cadmium and mercury salts to give a 1 % 
solution. The pH values of the resultant spiked 
industrial wastewater and seawater were 1.5 and 8.3, 
respectively. 
Procedure 
About 0.01 ml of the spiked test solutions (dis-
tilled water, industrial wastewater and seawater) 
was spotted separately on the activated TLC plates. 
The spots were air-dried and the chromatograms 
were developed allowing the solvent to ascend up to 
10 cm from the point of application in all cases. After 
development, the chromatograms were air-dried at 
room temperature and the Tl'^ and Hg^ "^  spots were 
visualized by exposing the TLC plate to hydrogen 
sulphide gas. On exposure to hydrogen sulphide gas, 
the regions containing Tl"^  and Hg^"^ turn to 
blackish brown. When dithizone solution is sprayed 
onto the TLC plate, Cd^"^-containing zones turn 
yellowish orange, whereas Zn^ "^-containing zones 
turn reddish pink. Rj^ {Rf of the leading front) and 
Rr (RF of the trailing front) values for the detected 
spots were determined. The Rp [RF = {RL + J^T)/^] 
and ARF (ARp = mean RF on plain silica gel for a 
particular metal ion minus mean R,, on impregnated 
silica gel for the same metal ion) values for the metal 
ions were calculated. The standard deviation in Rp 
values was also calculated using the formula 
S.D. = / I ( X i - x ) ^ 
where X; is the individual RF value, x is the mean RF 
value and n is the number of observations made for 
each metal ion. 
To study the effect of pesticides on the separation 
of metal ions present in spiked water, 0.01 ml of 
spiked distilled water was spotted on the chromato-
gram followed by the spotting of 0.02 ml of pesticide 
solution on the same spot. The plates were devel-
oped in 1.0 M sodium formate, dried and the spots 
were detected as described above. The RF values of 
the separated metal ions were determined and 
compared with those obtained in the absence of 
pesticides. 
The limits of detection of the cations were deter-
mined by spotting 0.01 ml of cation solutions 
of various concentrations on the chromatoplates, 
which were developed in sodium formate, and the 
spots were visualized using the appropriate detector. 
This was repeated with successive reduction of the 
concentration of the cation solution until no detec-
tion was possible. This method was carried out three 
times for each cation. The amount of salt just 
detectable in the solution was taken as the detection 
limit. 
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TABLE I 
h/?,.. (R^• X 100), STANDARD DEVIATION IN R,.-, AR,. 
AND DETECTION LIMITS OF METAL IONS PRESENT 
IN STANDARD SAMPLE SOLUTIONS, CHROMATO-
GRAPHED ON 0.1 % THORIUM NITRATE-IMPREGNAT-
ED SILICA LAYERS, USING 1.0 M SODIUM FORMATE 
AS ELUENT 
Sample 
No. 
1 
2 
3 
4 
Metal 
ion 
Zn^-^ 
Cd^ + 
T1 + 
Hg^^ 
h;?,,. 
11 
79 
56 
93 
S.D. in Rp 
0.0047 
0.0124 
0.0141 
0.0047 
ARp 
-t-0.76 
-H0.15 
4-0.15 
-(-0.04 
Detection 
limit (jig) 
0.23 
6.13 
7.68 
7.40 
RESULTS AND DISCUSSION 
When silica gel is mixed with an aqueous solution 
of thorium nitrate, cation exchange takes place at 
the surface of hydrated silica gel to give a sorbent 
phase of altered selectivity. 
Th*-*- + 4(-SiOH)^Th(OSi-)4 + 4H + 
Dagger et al. [8] determined some thermodynamic 
parameters for several such ion-exchange reactions 
to establish the cation-exchange process. 
The positive ARp values (Table I) show that the 
impregnated silica layers are more selective than the 
plain silica layers. 
Thin layers prepared from impregnated silica gel 
were of good quality, providing well formed and 
compact spots for the cations chromatographed. 
The development time for a 10-cm run was 15 min. 
The hRp and ARf values reported are the averages of 
triplicate observations, hence they are reproducible. 
The results of this study are summarized in 
Tables I and II. It is clear from Table 1 that the 
developed chromatographic system is well suited for 
microgram separation of Zn^"^, Cd^"^, Tl"*" and 
Hg "^^  from their synthetic mixture. 
Depending upon the results shown in Table I an 
attempt was made to establish the applicability of 
the proposed method in the analysis of spiked water 
containing zinc, cadmium, thalhum and mercury. 
Three of the matal ions were identified and sepa-
rated (Table II). Zinc could not be detected because 
at pH 3 zinc is not precipitated by hydrogen 
sulphide, and remains in the supernatant liquid. The 
presence of pesticides in this sample did not show 
any considerable effect either on the separation or 
on the Rf values of metal ions, as evident from 
Table II. 
As good results were obtained in the analysis of 
spiked water (Fig. 1), we made use of this newly 
developed sorbent phase in the analysis of real 
environmental samples, namely industrial waste-
water and seawater. It is evident from Table II that 
all the spiked metal ions were readily detectable and 
separable from these environmental samples. 
From the results of this study we anticipate that 
these metal ions can be easily identified and detected 
TABLE II 
Zn-Cd-Hg- Tl MIXTURE SEPARATED, CHROMATOGRAPHED ON 0.1% THORIUM NITRATE-IMPREGNATED SILICA 
LAYERS USING 1.0 M SODIUM FORMATE AS ELUENT 
NS = Not spiked; ND = not detected. 
Metal Spiked industrial 
wastewater 
Spiked 
seawater 
Spiked distilled 
water 
Spiked distilled water in 
the presence of pesticide 
\iRp S.D. in Rr hRp S.D. in R^ h/?f. S.D. in /?,. h«f S.D. in /?,.. 
Zn' + 
Cd^ + 
Hg^-^ 
11 
81 
90 
NS 
0.0124 
0.0124 
0.0094 
NS 
10 
79 
96 
NS 
0.0094 
0.0124 
0.0094 
NS 
ND 
81 
93 
36 
ND 
0.0124 
0.0047 
0.0286 
ND ND 
83 0.0170 
95 0.0124 
52 0.0356 
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if prcscnl in river water, using the proposed ciiro-
matographie system. 
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Planar layer chromatography in the analysis of inorganic 
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ABSTRACT 
This review covers salient features of planar layer liquid chromatography as applied to the analysis of inorganic pollutants present in 
d variety of complex matrices The discussion is limited to classical planar chromatography (paper and thin-layer chromatography) as 
used m the analysis of real and synthetic environmental samples containing inorganic pollutants The matrices from which inorganic 
pollutants have been isolated and analysed include biological, food, geological, industrial, pharmaceutical, soil, water and wastewater 
Eighty-nine references have been cited from the literature of the last twenty years Over-pressured layer chromatography has not been 
utilized so far for the analysis of inorganic species present in natural environmental samples In situ densitometry and spectrophotom-
etry have been commonly used for the quantification of inorganic ions present in environmental samples 
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1 INTRODUCTION phase migrates through a porous support (station-
ary phase) either by capillary forces or under the 
Planar layer chromatography (PLC) is a liquid influence of forced flow Depending on the mode of 
chromatographic technique in which the mobile transport of the mobile phase, PLC can be classified 
, as conventional (classical) PLC and forced-flow 
* Corresponding author PLC (FFPLC) Many of the procedural steps (sam-
0021-9673/93/$24 00 (() 1993 Elsevier Science Publishers B V All rights reserved 
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pie spotting, development of chromatograms, de-
tection of spots, direct scanning, etc.) and principles 
are identical in both techniques. High-performance 
thin-layer chromatography (HPTLC), an instru-
mentalized version of TLC with a perfectly uniform 
surface of thin layers, is capable of providing faster 
separations, reduced zone diffusion, better separa-
tion efficiency and higher sensitivity. F F P L C in-
cludes all techniques where the mobile phase mi-
grates by a forced solvent flow, which can be 
achieved either by application of external pressure 
(over-pressured layer chromatography, OPLC) 
[1-3] or by centrifugal force (rotational planar chro-
matography, RFC) [4 6]. Electroosmosis is applied 
to force the mobile phase in high-speed TLC 
(HSTLC) [7^ 8]. OPLC, developed by Tyihak et al. 
[1] combines the advantages of classical TLC, 
HPTLC and a high-performance liquid chromatog-
raphy (HPLC). Several reviews [9-12] have ap-
peared on OPLC with emphasis on instrumenta-
tion, chamber types, development modes and appli-
cability. More recendy. Kaiser and Rieder [13,14] 
developed high-pressure planar liquid chromatog-
raphy (HPPLC), a circular version of OPLC for 
achieving a better separation efficiency at higher op-
erating pressure. According to the literature, OPLC 
has applications in solving various analytical prob-
lems relating to agriculture, biochemistry, food 
stuffs and forensic medicine. As a result, it has sev-
eral applications to the analysis of a large number 
of organic substances, e.g., dyes, amino acids, anti-
biotics, antioxidants, aromatic hydrocarbons, po-
lyamines, alkaloids, aliphatic aldehydes, amines 
and thcii' derivatives, doping agents, essential oils, 
lipids, peptides, fatty acids, steroids, flavonoid gly-
cosides, ginsenosides, iridoid glycosides and anthra-
quinone aglycones [15]. 
It is surprising that in spite of the availability of 
several attractive features of OPLC, it has not been 
used in the analysis of inorganic samples. As far as 
we are aware, no work has been reported on the use 
of OPLC in analysing environmental samples con-
taining inorganic pollutants. 
This review is therefore restricted to outlining the 
current state-of-art procedures for classical layer 
chromatography [paper chromatography (PC) and 
TLC] as applied to the analysis of synthetic and real 
environmental samples for inorganic pollutants. 
2. SAMPLE PREPARATION 
A sample volume (1 10 ^ 1) containing a sufficient 
amount of analyte (0.1 10 fxg) is generally applied 
with the aid of calibrated microcapillary, syringe or 
micropipette (Drummond microcaps) about 2 cm 
above the lower edge of a precoated or laboratory-
made chromatoplate or paper strip. The one-di-
mensional ascending technique has usually been 
used for the development of chromatograms in a 
closed chamber (cylindrical or rectangular), allow-
ing the mobile phase (solvent) to migrate 8 10 cm 
from the starting line on the plate or paper strip. 
Multiple, two-dimensional, centrifugal and gra-
dient development techniques have also occasion-
ally been used. 
3. DETECTION 
Chemical, physical, enzymatic and radiochemical 
procedures have been usually used to locate the 
analytes on chromatoplates. Chromogenic and ffu-
orogenic spray reagents that are capable of forming 
coloured products with the separated species are 
sprayed on the chromatoplates to detect the solute. 
Typical chromogenic reagents used are dithizone, 
dithiosemicarbazone, aluminon, dimethyl glyox-
ime, l-(2-pyridylazo)-2-naphthol (PAN), arsanazo 
HI, w-nitrochlorophosphonazo, alizarin and tribro-
mochlorophosphonazo. Among the physical meth-
ods, observation under UV light has been the most 
preferred procedure. Selenium in food samples [16] 
has been detected as the 2,3-diaminonaphthalene 
Se complex, which produces pink fluorescence un-
der UV light (366 nm). An enzymatic method [17] 
has been used to detect CUSO4, HgCli, CdS04 and 
AgNOj in fresh water after their separation on 
TLC plates. Sometimes labelled species of very low-
level inorganic materials can be detected using a ra-
dioactivity detector [18,19]. 
4 IDENTIFICATION AND QUANTIFICATION 
Compound identification in planar liquid chro-
matography is based on the Rf value, which is a 
measure of the ratio of the distance travelled by the 
analyte from the point of origin to the distance trav-
elled by the solvent. Visual observation, zone elu-
tion and scanning densitometric methods have been 
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used for quantitative analysis. In situ densitometry 
has found some novel applications in the determi-
nation of trace amounts of inorganics present in 
complex matrices [16,20 29]. 
In spite of the extensive application of planar 
chromatography to analyses for inorganic and or-
ganic compounds in standard sample solutions, its 
use in the analysis of real environmental samples 
[30-46] containing inorganic polluting agents is lim-
ited. Extraction of the analyte from the sample ma-
trix, clean-up of the extract and concentration of 
the analyte usually precede TLC or PC if the con-
centration of the analyte in a complex sample (food, 
biological, human, plant or environmental) is low. 
However, if a compound is present in sufficient pu-
rity and concentration, the sample can be applied 
directly. 
The following sections provide a brief description 
of planar chromatography as used in the analysis of 
environmental samples. 
5. APPLICATIONS 
Applications have been divided into sections de-
pending on the nature of the sample to be analysed, 
viz., biological, food stuffs, geological, industrial, 
pharmaceutical, soil, water and industrial wastewa-
ter and miscellaneous. 
5.7. Biological samples 
( 
TLC in combination with densitometry has been 
applied to determine selenium in biological tissues 
[28]. Selenium is removed from the matrix, com-
plexed with diaminonaphthalene and the complex is 
extracted into cyclohexane and analysed on CRP-
Whatman HP plates. TLC separation of the seleni-
um-containing complex permits the complete elim-
ination of interfering fluorescent compounds. The 
recovery of selenium achieved with this method is 
85-90%. 
An accurate and highly sensitive HPTLC method 
for the determination of selenium in water and bi-
ological matrices has been developed by Funk et al. 
[29]. Selenium-containing biological samples (blood 
and serum) and environmental materials (drinking 
and surface water) were oxidized by a wet chemical 
digestion procedure, derivatized with 2,3,1-naph-
thoselenodiazole, extracted on an Extrelut column 
using cyclohexane, dried, dissolved in chloroform 
and analysed. The chromatographic separation was 
carried out on purified silica gel HPTLC plates 
(Merck) using chloroform containing 0.01% of bu-
tylhydroxytoluene (antioxidant) as the mobile 
phase. The quantitative evaluation was completed 
in the fluorescence mode with X^^ = 365 nm and 
fluorescence intensity measurement at /In = 560 
nm. The proposed method includes the following 
advantages: comparable to spectrophotometry, po-
larography, gas chromatography, neutron activa-
tion analysis. X-ray fluorescence and atomic ab-
sorption spectrometric methods; high sensitivity 
(detection limit 250 fg of Se per spot); novel diges-
tion procedure (wet chemical digestion) for oxida-
tion of organic matrices; accurate quantitative 
preparation of biological matrix; the sample prep-
aration step [oxidation of selenium to Se(VI) and 
subsequent reduction to Se(IV)] is less susceptible to 
systematic errors; and interfering metal ions (Fe^ "^ , 
Cu^"^) can be easily masked by addition of suitable 
chelate-forming reagent. 
Scanning densitometry and TLC have been used 
for the simultaneous determination of traces of 
Cu^"^, Fe^"^, and Fe^"^ in serum [23] as their com-
plexes with 2-[(5-bromo-2-pyridinyl)azo]-5-(di-
ethylamino)phenol. The complexes, after extraction 
from serum samples, were separated on TLC plates 
coated with silica gel G and sodium carboxymethyl-
cellulose using butyl acetate-acetone (7:3) as the 
eluent. The absorbances of the separated metallic 
complexes were measured by densitometry. 
Silica gel KSK layers (free from iron) with «-bu-
tanol-water (84:14) as the eluent were used for the 
detection of magnesium chlorate isolated from bi-
ological objects [47]. This method provides a detec-
tion Hmit of ^ 5 ng per 100 g of biological sample. 
A TLC method for the detection of metal-EDTA 
complexes in human faeces [48] has been reported. 
An anion-exchange column packed with carboxy-
methylcellulose was used to clean up and precon-
centrate the sample. 
Spectrophotometry in combination with TLC 
has been used to determine Cd^ "*", Hg "^^  and Pb^"^ 
in blood and urine samples [49]. Metals were sep-
arated on silica gel layers using various organic sol-
vents as eluents prior to their quantification. 
A chromatographic system [silica gel layers, di-
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chloromethane-methanol (9:1) and benzene 
eluents] has been identified as a sensitive metho(3 
[50] for the detection of heavy metals (Zn^ '^, Hg^ "^ , 
Ag+, Cu^ +, Bi^  +, Co^ •", Ni^ + and Pb^+) as dithiz-
onates in biological samples (urine, blood and ex-
crement). The sensitivity of the proposed method 
was 10"^ g/1. 
A TLC method for the detection of Pb^"", Cd^"", 
Hg^ + , Co ' + , Ni2+, Zn2+, Cu^-' and Mn^' preseni 
in autopsy tissues [51] has been described. The met-
als were separated on silica gel layers developed 
with carbon tetrachloride-chloroform (5:2), xylene, 
benzene and toluene. 
A successful method for the quantitative separa-
tion? of inorganic mercury and methyimercary fron^ 
animal, fish and plant tissues has been developed 
[52]. Mercury species were determined by TLC aftef 
extraction from tissues. To achieve the highest effi--
ciency of extraction the fish tissue was initially 
treated with ethanolic KOH solution whereas th^ 
plant tissue was treated with a mixture containing 
HNO3 and HCIO4. 
5.2. Food stuffs 
An analytical procedure involving extraction, 
TLC and densitometry has been developed for th^ 
determination of bromate ion in breads and fluoi-
dough [22] after its separation on siUca gel platen 
developed with «-butanol-«-propanol-watei-
(1:3:1). The limit of detection of BrO^" with toU--
dine-HCl was 0.1 fig/g in bread. Bromate was ex--
tracted from food stuffs {bread) and purified using 
an alumina column. 
[Fe(CN)6]^'' and [Fe(CN)6]*~ present in juic^ 
and wine samples have been detected on papef 
chromatograms [53]. A method has been reported 
[54] for the separation and identification of Fe^ •*• ^  
Mn^ "^  and Co^ ^  present in human milk. The metab, 
were extracted with isobutyl methyl ketone-amyl 
acetate (2:1), chromatographed and identified on 
cellulose plates. Similarly, Li""" and Bi^ '*' down to 
0.25 and 1.5 /ig, respectively, were identified and 
detected in spiked human milk samples [55]. Th^ 
sample milk was spiked with Li2C03 or Bi(N03)3, 
ashed, dissolved in an appropriate solvent, applied 
to cellulose-coated plates developed with metha--
nol-10 M HCl (6:4) and Li"" or Bi^^ were detected 
using an appropriate chromogenic reagent. Cheesy 
and milk samples have been analysed for polyphos-
phoric acids [56]. The acids were extracted from 
cheese or milk samples with 25% trichloroacetic 
acid and separated on polyamide plates using «-bu-
tanol-formic acid (1:1) as developer. The separated 
polyphosphoric acids were identified and deter-
mined. Two-dimensional TLC and ion-exchange 
column chromatography have also been used for 
the separation and determination of orlho- and 
polyphosphates in soft drinks [57]. 
Pb '^*' and Zn^ "*" in model food systems have been 
determined by TLC on Silufol plates after complex-
ation with sodium diethyldithiocarbamate [58]. The 
plates were developed with benzene-chloroform 
(}:)) or xyiene-dichioromethane (2:]). Diphenyi-
thiocarbazone in CCI4 was used as the detection 
reagent. 
A TLC method for the identification of selenium 
in foods was developed by Moreno-Dominguez et 
al. [16] using thin layers of MN-300 cellulose pow-
der (activated at 110°C for 30 min before use). A 
spectrofluorimetric procedure was used for the de-
termination of selenium in different foods of animal 
and vegetable origin and blood samples. The proce-
dure involves the digestion of the food sample, for-
mation and extraction of selenium-2,3-diamino-
naphthalene (DNA) complex with cyclohexane, flu-
orimetric determination and confirmation of the 
presence of selenium by TLC. After carrying out 
the fluorimetric determination, the cyclohexane 
phase containing the selenium-2,3-diaminonaph-
thalene complex was concentrated nearly to dryness 
and the residue was dissolved in 0.5 ml of cyclohex-
ane. This solution was spotted on the chromato-
plate and chromatographed along with a standard 
selenium sample using ethanol-25% ammonia solu-
tion (70:30) as the mobile phase. The selenium-2,3-
diaminonaphthalene complex produces pink fluo-
rescence on exposure of chromatogram to UV radi-
ation (360 nm). 
Silicon in edible oils has been separated [59] on 
silica gel layers using Ught petroleum-diethyl ether 
(98:2) as the mobile phase. Rhodamine B was used 
as the detection reagent. 
5.3. Geological samples 
A novel method for the analysis of rocks for ra 
earth elements was developed by Ryabukhin et 
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[60]. Rare earth metals, after preconcentration by 
circular TLC on Fixion 50-X8, were determined by 
neutron activation analysis. The determination lim-
its ranged from 0.05 to 10 /ig/g for 10-30-mg sam-
ples. Another attractive method for the simultane-
ous determination of light rare earths in monazite 
sand by densitometry on thin-layer chromatograms 
using diisopropyl ether-diethyl ether-bis(2-ethyl-
hexy!) phosphate-nitric acid (8:8:0.4:0.07) as eluent 
was reported by Chinese workers [20]. The Rp val-
ues for lanthanum, cerium, praseodymium, neody-
mium, samarium and yttrium on silica gel H mixed 
with 1 % carboxymethylcellulose binder containing 
4% ammonium nitrate layers were 0.13, 0.39, 0.55, 
0.69, 0.90 and 0.98, respectively, showing good sep-
aration possibiUties. The densitometric calibration 
graphs were linear in the range 0.015-0.60 /^ g of 
individual rare earth metals. The limits of detection 
for lanthanum, cerium, praseodymium, neodymi-
um and samarium were in the range 9-12 ng. 
TLC has been used for the determination and 
separation of rare earth metals in ores, rocks and 
irradiated nuclear fuels [61] using diethyl ether-bis 
(2-ethylhexyl) phosphate-nitric acid (100:1:3.5) as 
the mobile phase. Another TLC method [62] in-
cludes the use of silica gel as stationary phase and 
diisopropyl ether-tetrahydrofuran-tributyl phos-
phate-nitric acid (10:6:1:1) as the mobile phase for 
the determination of lanthanum, cerium, praseody-
mium, neodymium and samarium in monazite 
sand. 
Paper electrophoresis has been used for the sep-
aration and determination of AP"^, Ti*"^ and Fe^"^ 
in bauxite [63] using lactic acid as carrier electrolyte. 
The bands were eluted and the metals were deter-
mined spectrophotometrically at 510 nm (AP"^), 
400 nm (Ti* + ) and 510 nm (Fe^*). 
A simple paper chromatographic procedure for 
the determination of microgram amounts of germa-
nium and gallium [64] in different raw mineral ma-
terials has been reported. A TLC method [65] in-
volving the use of alumina layers and mixed aque-
ous-organic solvent systems as mobile phase has 
been used for the analysis of minerals consisting of 
M o ^ ^ Au3 + , Sb3^ Ug^\ Cd^ + , Bi3^ Mn^^, 
P b 2 ^ U O i ^ C r 3 + ,Ti* + ,etc. 
5.4. Industrial aamples 
TLC coupled with densitometry has been applied 
to the determination of Co^ "*" in white wine samples 
[25] in the concentration range 2.5-4.5 jUg 1"^ The 
process involves the fixation of Co^"^ as the l-(2-
pyridylazo)-2-naphthol complex on a membrane fil-
ter followed by direct determination of the reflec-
tion absorbance of the complex by densitometry. 
A method involving circular TLC and spectro-
photometry for the determination of 0.01-1.0% 
lanthanum and yttrium in molybdenum-based al-
loys has been described [66]. Cellulose layers treated 
with 0.2 M trioctylamine in toluene were used as the 
stationary phase. Hydrochloric acid at various con-
centrations was used as the developer. TLC has 
been used for the determination of Cu in Al alloys 
following the sampling of the investigated material 
by anodic dissolution [67]. The chromatograms 
were developed with acetone-HCl-HzO (70:15:15) 
and l-(2-pyridylazo)-2-naphthol reagent was used 
for detection. 
The radiochemical purity of Na^^^I solution has 
been evaluated [68] by TLC on silica gel layers de-
veloped with acetone. Perchlorates in explosive re-
sidue have also been detected on paper strips and 
TLC plates [69]. 
A combination of paper electrophoresis, TLC 
and densitometry has been proposed for the deter-
mination of anionic species [21]. Diphenylamine so-
lution (0.2% in H2SO4) with which most of the 
anions produce blue products was used for detec-
tion. Anions were chromatographed on Silufol 254 
plates and developed with propanol-ammonia solu-
tion (2:1). The method was successfully applied to 
the densitometric determination of NO J and Fe 
(CN)! ~ in molasses. 
A TLC method has been reported for the rapid 
detection of copper, iron and manganese ions in 
cotton materials [70]. The separated metal ions on 
microcellulose plates developed with acetone-HCl-
H2O (8:1:2) were detected with rubeanic acid fol-
lowed by exposure to ammonia vapour. TLC in 
combination with spectrophotometry has also been 
used for the determination of traces of manganese 
in textile materials. 
5.5. Pharmaceutical products 
Spectrophotometry in combination with TLC 
has been used for the determination of Fe^"^ in 
pharmaceuticals [71]. Fe^"^ was separated from oth-
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er cations present in pharmaceutical formulations 
on microcrystalline cellulose plates using pro-
panol-4 M HCI-HNO3-acetic acid-chloroform 
(30:5:5:5-.10) as developer. 1,10-Phenanthroline was 
used as the colour reagent. A TLC system consist-
ing of silica gel G as stationary phase and chloro-
form acetone-concentrated HNO3 (5:4:1) as eluent 
has been used for the identification of mercury salts 
(chloride, nitrate, cyanide, sulphate and sulphide) 
in homeopathic drugs [72]. 
Buchbauer and Vasold [73] developed a TLC 
method for the separation and identification of in-
organic impurities (cationic and anionic) in drugs of 
the Austrian Pharmacopoeia. Aqueous solutions 
(10%) of drugs were spotted on cellulose-coated mi-
cro-plates and developed with methanol-HCl (8:1) 
for cations or with methanol-«-butanol-water 
(2:1:1) for anions. Inorganic impurities as coloured 
spots were detected by spraying the developed 
plates with sixteen spray reagents. 
Aqueous-organic solvent systems have been used 
as mobile phases with sihca gel layers for the deter-
mination of radioactive impurities in pharmaceu-
ticals [74] and the radiochemical purity of 
Na2^^Cr04 injections [75]. A photodensitometric 
method [76] for the determination of manganese in 
pharmaceuticals, vitamins, etc., as a manganese-1-
(2-pyridylazo)-2-naphthol complex with prelimina-
ry TLC separation on silica gel layers using pyri-
dine-methyl isobutyl ketone-choroform (20:4:1) as 
mobile phase has been reported. 
5.6. Soil, water and industrial wastewater samples 
A rapid TLC method for the analysis of industri-
al and wastewaters for total heavy metal content 
(Fe^-^, Fe^-", Co^"", Ni^+and Cu^-") was developed 
by Volynets et al. [77]. Heavy metals as coloured 
diethyldithiocarbamates were concentrated during 
the chromatographic process on plates in the shape 
of irregular strips as shown in Fig. 1, coated with 
Silufol, and determined semi-quantitatively directly 
on the plates on the basis of their colour intensities. 
The method was successfully applied to the semi-
quantitative determination (mg P ' ) of nickel and 
copper in electroplating wastewater. 
An interesting method involving the use of TLC 
in combination with spectrophotometry has been 
reported [27] for the determination of boron at ng 
ill 
Fig. 1. Irregular strips used for concentrating diethyldithiocarba-
mates of heavy metals during the chromatographic process. A = 
Separation zone; B = concentration zone; C = sample applica-
tion 7one. 
levels in soil and water samples. A water sample (25 
ml) was concentrated by evaporation to 0.5 ml and 
acidified to pH 1. Aliquots (5-25 lA) of the sample 
were applied on MN 300 cellulose layers. The plates 
were developed with butanone-water-ethylene gly-
col (85:13:2). Boron {Rr = 0.43) was detected with 
azomethine (1 g in 100 ml of 1% ascorbic acid) 
spray reagent. After 1 h the sample zone was 
scanned at 400 nm. The calibration graphs were lin-
ear for 50-450 ng of boron. 
A combined spectrophotometric-TLC method 
for microgram determination and recovery of Hg^ "^  
from river and industrial wastewater was developed 
by Ajmal et al. [78]. Hg^-" {Rp = 0.85) was separat-
ed from Pb^"^, Ni^"^, Hg"^  and Cu^"^ on silica gel 
layers impregnated with 2% oxalic acid using ethyl 
acetate-acetone-formic acid-water (8:7:4:1) as the 
mobile phase. Hg "^^  was detected with dithizone; 
the area corresponding to Hg^ "^  was scraped off the 
working plate, and the complex was extracted with 
carbon tetrachloride and determined spectrophoto-
metrically. The calibration graph obtained under 
optimum experimental conditions was linear over 
the concentration range 5 15 /xg per 10 ml of Hg^ "^ . 
HPTLC and in situ densitoinetry have been suc-
cessfully used to detect, separate and determine in-
organic mercury and some organomercury species 
at the nanogram level as dithizonates in tap and sea 
waters [79]. Detection and semi-quantitative deter-
mination of Pb^ \ Z n 2 \ Cd^^, Hg2+ and Cu^^ in 
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industrial wastewater has been accomplished on sil-
ica gel and cellulose plates [80]. 
An attempt has been made to use a chelating cel-
lulose sorbent with azopyrocatechol groups for the 
separation and determination of heavy metal ions 
(Co^^, Ni2 + , Cu^ + , Zn2^ Cr3 + , Cr« + , Fe^^, V*-
and V^^) by TLC [81]. The metals were determined 
according to the colour reaction in the sorbent 
zone. Heavy metals react with the sorbent phase to 
produce coloured products at pH 1-6. The detec-
tion limit of the elements in the zone is in the range 
0.05-2.0 ixg. A mixture of 1-butanol, acetone, gla-
cial acetic acid, 5% ammonia solution and water 
(7:5:3:3:2) was used to develop the chromatogram. 
A brief outline of the procedure as used for the de-
termination of heavy metals is given below. 
Sample solution containing 20-400 mg/1 of the 
ions being determined is adjusted to pH 1 by adding 
HCl and an aliquot (2-5 jA) is apphed to the chro-
matoplate. The coloured zone that appears is dried 
and the plate is developed with the chosen mobile 
phase keeping the ascent to 10 cm (development 
time 15-45 min). After complete drying of the de-
veloped plate, the content of the elements in the 
zone is evaluated by comparing the obtained chro-
matogram with the standards. 
The method was applied to the analysis of waste 
waters from an electroplating process before their 
treatment to determine the contents of heavy metal 
ions in the range 20-400 mg/1. The results were 
comparable to those obtained by atomic emission 
spectrometry. 
Reversed-phase paper chromatography using tri-
phenylphosphine oxide as the stationary phase and 
organic complexing agents (sodium malonate, ace-
tate and succinate) as the mobile phase has been 
applied to the separation and determination of 
As^"^, Sb^"^ and Bi^ "^  in water and alloy samples 
[82]. 
A simple and portable bacterial enzymatic paper 
chromatographic procedure has been developed for 
the determination of Cu "^^  and Hgi"^ in water sam-
ples [83]. 
Hg' + , Zn2 + , Cu2+ and Pb^^ present in water 
and aquatic plants have been detected on silica gel 
layers [84]. Aquatic plants were mineralized in con-
centrated H2SO4, HNO3 and H2O2 and extracted 
in water. The extract was treated with chloroform 
containing dithizone and the resulting extract was 
chromatographed on silica gel plates. The detection 
limit of metals was in the range 0.5-5.0 ^g. 
A simple PC and micro-TLC method for the sep-
aration and detection of some heavy metals (HgCU, 
CUSO4, CdS04, AgNOs, etc.) in fresh water has 
been reported [17]. Precipitation and evaporation 
techniques were adopted to concentrate the sam-
ples. The preconcentrated samples were dissolved in 
citric acid and separated by PC and micro-TLC us-
ing 0.1 M NaCl solvent. The separated heavy met-
als were detected by horse liver acetone powder suc-
cinate dehydrogenase inhibition using 2-(4-iodo-
phenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium 
chloride-sodium succinate-N-methylphenazonium 
methosulphate mixture as the chromogenic reagent. 
PC was found to be most suitable for the separation 
of CuS04-HgCl2 and CdS04-HgCl2 mixtures 
whereas micro-TLC was suited to the separation of 
CuS04-CdS04 mixture. 
5.7. Miscellaneous 
TLC has found an interesting application in the 
analysis of cosmic dust particles containing Fe^"^ 
and Co^"^ [85]. Thin-layer plates coated with silica 
gel KSK mixed with starch (5%, w/w) were spotted 
with solutions containing 15-20 ng of material and 
developed with acetone or acetone-3 MHCl (99:1). 
The semi-quantitative determination of Fe^ ^  and 
Co^"^ on the basis of spot size and colour intensity 
or by reflectance densitometry was carried out. 
A method involving qualitative TLC followed by 
quantitative PC has been developed to determine 
Pb^"^ in airborne dust [86]. TLC was performed on 
silica gel layers using dioxane-1.5 M HCl-butanol-
acetylacetone (50:20:50:0.5) and dioxane-1.5 M 
HCl-acetylacetone (50:20:0.5) as mobile phases. 
Rare earth elements (REEs) and other fission 
products in freshly irradiated nuclear fuels have 
been determined after their enrichment and separa-
tion by TLC [87,88]. REEs were quantitatively sep-
arated from all other fission products by two-di-
mensional TLC using diisopropyl ether-tetra-
hydrofuran-HNOs (100:80:4) and diethyl ether- bis 
(2-ethylhexyl) phosphate-HNOs (100:4:2) as devel-
oper. After separation, REEs were determined by 
y-spectroscopy. 
NOs" in feeds has been determined after its sep-
aration on alumina G plates [89] developed with 
452 A Mohammad et al / J Chromatogr 642 (1993) 445-453 
0 05 M NaOH-acetone (3 17) After TLC, the ni-
trate-containing zone was scraped olT and treated 
with 3,4-xylenol in sulphuric acid medium The re-
action product was extracted with light petroleum 
The organic layer was subsequently shaken with 
aqueous alkali The aqueous layer was separated 
and the absorbance of this layer was measured at 
430 nm 
6 CONCLUSIONS 
From the above survey it is clear that planar layer 
chromatography (specially TLC) has been a de-
pendable and useful analytical tool for the determi-
nation of inorganic pollutants after their separa-
tion However, these studies have been mostly re-
stricted to heavy metals and therefore efforts are 
required to utilize TLC by coupling it with sensitive 
instrumental techniques for the determination and 
identification of other inorganic species in environ-
mental samples In addition, forced-flow planar 
liquid chromatographic techniques should be devel-
oped for utilization m the analysis of inorganic spe-
cies present in both environmental and non-envi-
ronmental samples OPLC, a real planar version of 
HPLC, has special advantages as a planar system 
with great prospects for the future 
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